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1 
ABSTRACT 

... 

The flow properties of the e-phase Zr-Mo and Zr-Nb a110ys were 

investigated by means of compression testing in a nomin~Ùy pure argon 
/ 

11 tmosphere. 1 The stress strain curves determined for the Zr-Mo alloys . 
,l, 

were u~usual in that they exhibited a continuous decrease in flow stress 
/ \':u 

with strain ' , after little or no work-hardening. A further unusual 

feature of the tests was that the flow stress in interrupted tests 

increased with delay time in aIl the alloys. By contrast, crystal bar Zr 
~~ 

exhibited neither flow softening nor very large interruption hardening, 
1 

but. deformed in a conventionai manner. 
" 

The results obtained from X-ray 

investigations, as well as fMm interropted tests and from tests carried 

out in a more purified atmosphere, indicated that the occurrence of both 

interruption hardening and flow softening was associated with the presence 

of an oxygen-stabilized a-layer on the outer surface of the sample. Growth 

of the hard o.-layer during anneàling produces strengthening while i ts 

decrease in-volume during deformation produces softening. A model, based 

on the assumption that the hard a-phase shares the Ioad applied to the 

sample, was developed and its predictions agree satisfactorily with the 

experimental observations. 

1 

The stre~s sensitivity of the strain rate in these a110ys decreases 

from 4.0 to 3.4 as the molybdenum concentration is increased ~rom ° to 6%, 

for both the y,ieid and the steady-state regimes of flow. The a110y flow 
c, 

stress increases with molybdenum concentration C approximately as CO.?, 
.\ 

, 
aithough it is apparent that the molybdenum atoms are indirect strength-

eners, and do not act as individual obstacles to flow. 

, - \ 
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The flow curves obtained on Zr-Nb a !loys containing 10 J 15 and 

20% Nb also exhibited f10w sloftening, and the magnitude of this effect 
/ 

/decreased as the temperature was increased. All three alloys also exhi-

bited anneal hardening, i.e. an increase in f10w stress at 825°C with 

annealing ,time at lOOOoC. Neither the flow softening, nor the anneal 

hardening could be associated with environmental effects, as in the Zr-Mo. 

alloys, nor could they be attributed to texture changes or to the occurd 

rence of dynamic recrystallizat!i.on. These effects ~ as well as the re"sults 

obtained from X-ray and microprobe investi~ations, and from grain size 

measurements are discussed and it i; concluded that th~ anneal hardening 

1 is due to the combined effect of grain growth and the f~rmation of solute 

clusters during annealing. By analogy J flow S oftening is a ttributed to 
\ . 

the destruction of the solute c1usters by sftaining. 

Finally ~ stress-strain curves were determined in the Zr-2. 5% Nb 

alloy. The flow curves do not exhibit either flow softening or anneal 

hardening, as do the high Nb alloys. The flow stresses were found to be 
\ 
" . 

highly strain rate dependent, as well as temperature dependent; with stress 

s\ensitivities of about 5.5 for yielding and 4? 5 for ~teady-state f10w; 

/ 
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RÉsuMÉ 

La déformation plastique des alliages Zr-Nb et Zr-Mo ~n phase B 
\ ' 

a ·ét6 ~tudi6e au moyen d'essais 'de compression sous atmosph~re d'argon: 

Les courbes effort/déformation d~s alliages Zr-Mo pr6sentent une décrois­
\ r, sance de la contrainte lors de la déformation, apds une courte période 

'" d. consolidation; proprié'tE inexplicable par la restauration dYll)"ique 

seule. Des essais. de compression interrompue ont été effectués. Là' 

contrainte lors de la reprise de la déformation cror't avec le temps 

d'interruption, en conflit avec le comportement usuel. Le zirconium non 

allié, au contraire ~ ne présente ni adoucissement par déformation, ni 

durcissement très marqué lors d'interruptions. L'analyse par rayons X, 

ainsi que les resul tats de tests effectués sous atmosphère de haute pured 

ont montré que les effets d'adoucissement par ~éfo~tion et de durcis-, ' 

sement lors d'essais de compression interrompue sont associés â l'existence. 

près de la surface de l'échantillon, d'une couche de phase ~, stabilisée 

par l'oxygène. La croissance de cette phase avec le temps d r interruption 
\ 

est la cause du durcissement observé tandis que sa' décroissance en volume 
1 

lors de, la déformation fait apparattre le phénomène d'adoucissement. Un 

modèle basé sur l'hypothèse d'une répartition de la charge appliquée sur 
, 

les phases e et a est présenté, et s'avère capable d r expliquer d'une manière 

satisfaisante les résultats expérimentaux. 

La sensibilité de la contrainte à la vitesse de déformation décrlU t 
i 

de 4.0 à 3.4 lorsque la teneur pondérale en mOlybd~n~ s'élève de 0 à 6%, pour 

l'écoulement à la limite élastique aussi bien qu'en régime permanent. Les 

contralÎntes varient également avec la teneur en molybd~ne élev6e à la 
~ 

puissance 0.7, bien qu'il soit apparent que les atomes de, molybd~ne ne 

1 
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cons,tituent pas directement des obstacles au mouvement des dislocations. 

La d6forma~n plastique des alliages'contenant 10, 15 et 20% 

Nb pr6sente ~galement un phénomane d'adoucissement par déformation, qui 
, 

dticrott
Q 

l'orsque la températU:re crott. De plus, la contrainte d' 6coule-

ment ~ 825°C appardt anormalement aff,ectée par le temps de recuit préalable 

â lOOOoC. Aucun de ces deux effets ne semble pouvoir être attribué à un 
~ 

phénomène d'oxydation de surface, comme dans le cas des alliages Zr-Mo, 

ni il des mécanismes d'adoucissement connus tels' que la recristallisatj.on "" ' -
dynamique ou la variation de texture au cours de la déformation. Le 

comportement mécanique, les résultats d'analyses par 'rayons X et par 

micro~onde, ainsi que les résult~ts de mesures de taille de grains sont 

examinés. Il est conclu que le durcissement au cours du recuit est probable­

ment causé par l'effe.t (combiné de la croissancr du grain et de la formation 

d'amas de soluté (semblables aux zones GPl). D'une manière analogue, 

l'adoucissement par déformation pourrait avoir pour origine la destructicm 
1 

de ces amas par les dislocations. 

Dans un dernier temps, les courbes contrainte/déformation de 

l'alliage Zr-2.5% Nb ont été obtenues. Celles-ci ne présentent pas d'adoucis-

sement par défoTlDation, ni ne paraissent sensibles au temps de recuit à 

lOOOo€. Les contraintes ceEendent varient fortement avec la vitesse de 

déformation et mod6ré~ent avec la température. La sensibilité de la 

contrainte il la vitesse de déformation décrott de 5.0 à la limite élastique 

à 4.5 pour le dgime permanent. 
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CHAPTER 1 

INTRODUCTION 

The steady increase in energy demand, due to both population 

gro~h and increasing consumption per capita, as weIl as the limitations, 

of traditional sources su ch as ail and:hydroelectric power~ constitute 

one of the major problem areas faced by the world today. Canada is a 

privileged country in that it has' been able ta generate enough energy to 
1 

, satisfy domestic demand, thanks ta abundant hydroelectricity (e.g. the 

Jàmes Bay and Manicouagan River developments), and to the deposits of ,oil, 

natural gas and tar sand in the Prairies. Projections of the consumption 

and demand curves J however, have shown tha t in 1980 Canada wi 11 have to ' 

import energy, which will make the country dependent upon outside supp1iets 

and ~ill affect the balance of payments. 

For this reason, Canada, in company'with Many ether countries. 

has expended considerable effort on the develepment of nuclear reactors 

for energy production. Although there is a growing awareness of the 

environmental dangers associated with the use of nuclear r~actors, they 
,-

appear to be[the only readily available alternative for at least two decades. 

Nèw processes for producing energy such as hydrogen fusion or solar energy 

still appear ta be in the early stages of development. 

The Canadian CANDU nuclear reactars system is based on natura! 

uranium dioxide as' a fuel. For this reason, a strict neutron economy must 

be achieved in arder ta maintain the fission Ghain reaction. Zir-

conium-base alloys have been used extensively in the construction af the 
v 

core elements, as they combine in an almost unique way good me,chanical and 

corrosion properties with very low neutron absorption. The improvement in 
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the mechanical properties of these alloys is the key-to cheaper energy. 
-~ 

as the net efficiency increases substantially with operating temperature. 

The original aim of the present investigation was to study the 

eff~cts of niobium and mo1ybdenum on the high temperature properties of 

zirconium alloys. In this way the study wouId provide a contrast to the 

work of Luton on zirconium-tin al1015, as tin is an a-stabilizer, ~hereas 

niobium and molybdJnum are S-stabilizers. Thus it was intended to carry . , 

out 'a detailed activation analy~is of the flow behaviour in an attempt to 

see if niobium and mOlybdenum act as direct strengtheners, i.e. whether 

the Nb and Mo atoms are themselves' the obstacles ,to dislocatiol1 flow, or 

whether they modify the effect of other obstacles such, as dis location nodes , 

and sub-boundaries. 

Once the investigation was underway, however, it soon became 

apparent that flow curves differing considerably from the regular ones 

observed by Luton were frequently obtained. There ware severaI unusual 

aspects to these stress-strain curves. In the zirconium-molybdenum alloys, 

yieId drops and a continuous decrease of stress with strain were conunonly , , 

observed. When 'the tests were interrupted after a certain strain interval 

and then reloaded, appreciable strengthening was detected, which increased 

with delay time before reloading. This behaviour suggested that some 
1 

strengthening effect other than solution h~rdening was taking place. In 

the zirconium-niobium alloys, sharp yield drops were not observed, nor 

was'there an interruption strengthening effect. The flow curves, on the 

other hand, displayed even more marked flow softening, of an extent not 

usually encountered in investigations of this type. The cause of the flow 

softening was not known, but could have been a result of various mechanisms 

such as precipitate coarsening, dynamic recrystallization, the intensifica-

.. 
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tion of grain boundary sliding, texture modification during straining, 

for instance. It was clear at this point that the original aim of acti-
1 

" vation analysis had to be,abandoned and that the object of the investi-
~ 

gation would instead be that of determining the causes of the unu5ual . 
b~viour of the two families of alloys. It i5 fortuitous that the factors 

responsible for the abnormal flow curves were different for the two alloy 
\ 

systems. The way in which they were determined, and the conclusions that 

were drawn, will be described in the sections that follow. 
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CHAPTER 2 

FUNDAMëNTAL ASPECTS OF THE DEFORMATION OF METALS 
AND THE OXIDATION OF ZIRCONIUM AND ITS ALLOYS AT 

, ELEVATED TEMPERATURES 

The purpose of this chapter i5 to review some of the back-

ground literature that is relevant to an understanding of th~ present 
-./ 

work. The first section 15 ~oncerned with the phenomenology of the . . 

4. 

\ 
high temperature deformat1bn of metals, ~nd also deals with the theories 

and mechanistic models used to account for the observed phenomena. In 

a second section, particular emphasis 1s placed on those mechani~ms ,that 

are capable of producing pronounced softening during high temperature 

flow. The lâst two sections are devoted to the oxidation of zirconium 

and its alloys. and describes the affects of oxidation on the mechanical 

properties of materials. 
" 

-' 2.1 THE DEFORMATION OF METALS AT HIGH TEMPERATURES 
"e' 1 . 

The deformation of metals at elevated temperatures has been' 

extensively studied during the past two decades.- Severai good reviews 1 

dealing with the characteristics and properties of ~etals under hot 

working conditions have been published recently (1-6). The present 
, 

review will theret:ore bJ limited to a brief survey of the main f~atures " 

or high temperature de~ormation. Of particular interest in the present 

work are the flow curves. which Will be dealt with f~r~t. Thase curves 

are affected by the accompanying microstructural changes, which will be 
, \ 

considered together with some models for high temperature deformation in 
\ 

the sections that follow. The e~pirical relations between the deforma-

tio; parameters will be surveyed briefly in the last section. 
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" 2.1.1 The High Tempe~ature Flow Curve 

High temperature flow curves have been determined for a large 
1 / 

number of pure metals and alloys. They fall into two main categories: 

the dynamic recovery curves and the dynamie recrystallization cunes. 
r'." 

2. /1.1.1 The dynamic recovery curve 

This type of flow behaviour has b~en observed in a1uminum (7-9), 

a-iron (10-15) and ferritic alloys, in b.c.c. ~efractory metals (16), 

in zirconium alloys (17) and in other h.c.p. metals (18·19). The flow 
, 

curve can be divided into three stages (Figure 2.1.a). First, a miero-
1 

strain region can be observed in w~ich the plastic strai,n rate of the 

sample inereases from tero ta the nominal strain rate. The loading slopes 

in this region range from EIsa at low str!1in rates and high temperatures 

to E/S at high strain rates and lower temperatures. The slopes are lôwer 
1 

than 'the modu1us E because of the plastic strain produced during initial .. , 

loadin'g by the operation o{ thermally activated dislocation sources. 

A work-hardening region follows in which the net work-hardenini rau 

decreases with ,increasing strain. The net _work-hardening rate near the 
• \i.... ~ 

onset of gross plastic flow v~ries from E/SOO at high temperatures and 
, l ,(j~ 1 

low strain rates to E/IOO at 'low' temperatures and high strain rat~s. 

In the third region, ,the net rate of work-hardening falls to z~ro and 

the stress remains cons'tant with increasing strain, provided the true 
"-

strain rate is constan't. The strain at w~ich the, steady state regime 

is achieved increases with strain rate and decreases wii:h temperature. 
~ 
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" b. ~terials that dynamic:ally recrystallize 
conti;nuously , 

c. materials that recrystallize periodicaUy 
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2.1.1.2 The dynamic recrysta1lization curve 
-

This behaviour has been encountered in nickel (7,20-24) and 

nickel-base alloys (21,22-25), in copper (7,20,21 1 26), in y-iron (27) 
( 

and austenitic alloys (28-33) and is shown schematically in'Figure 2.1.b. 

The early part of the curve ~lso exhibits a microstrain region which _ 
" l 

,turns gradually i:nto a work-l1a~dening region in a manner sim11ar to that 

observed in the dynamic recovery curves. As th~ strain increases, how-

evar, thtl work-hardening rate, after decreasing with strain to zero, 

subsequentIy becomes negative and eventually s~ttles back to zero. In 

other words, the stress goes through a peak value at a strain e:p , then 

decreases with strain and finally stabilizes at a value that i5 normally 

lower than the peak stress. At low st,rain rates a steady state stress 

may not be attained directly after the peak, but only lafter sorne osci!-

lations of the flow stress wi th strain have taken place j see Figure 2. 1. c 

(22). 'l11e strairt to the peak I€p increases with strain rate and decreases 

with temperature. 

2.1.2 l Oynamic Recovery 

2.1.2.1 Microstructural changes associated with dynamic recovery 

~~. During the strain interval required to reach steady state flow, 
4~~-"'" -

the dislocation structure, which consists of randomly distributed dislo-

cations, evolves 'into an orderly subgrain structure. The subgrains may , 

be characterized by dislocation "walIs", in which dislocations are very 

tightly lotit and have a very high densitYj these walls in turn separate 

cells in which the dislocation density is Jm.lch Iower. The overall dis­
\ 

location density increases during deformation from about l01~m-2 in, the 

undeformed s'tate to about 1014m- 2 in the steady state' condition. The 

~...-I • __ 



o 

8. 

, 
subgrains' appeal' bettel' defined at hig\r temperatures and lower strain 

rates than at lower temperatul'es and hig~r strain rates. 

Once steady I5tate flow is obtained, the subgrains remain 

equiaxed, whereas the grain structure becomes more and more elongated' 

with further deformation. Below 0.6 Tm the subgrains may get somewhat 

elongated as t1!e stl'ain i5 increased, but onl! to al limited extènt. 

stüwe (26 • .:54) has explained the dynamic stability of sub.grains dUl'ing 

concurrent defo~tion as being due to the attainment of a dynamic equi­

librium between the rate' of dislocation generat'ion in the' subgrain 

interiors and the annihilation 1 rate in the subgrain boundal'ies. Another 
" 1 • 1 

interpretation was pl'oposed by McQueen et al (35) who vièwed the equiaxed 
1\ 

subgra~s ~s resulting from the continuous break-up and reformation of 

the sub-~-wdaries during steady state flow.' 

2.1.2.2 Stress and subllrain size 

The subgrain size can be correlated with the developed stress 
1 

according to an equation of the type 

'1 
'T -M 
a - kO" (2.1) 

where ~ is the average subgl'8.in size, 0" i5 the steady state stress and 

k and M are constants. 
1 

The exponent, M is usually close to unitr Clt2,36). Equation 2.1, 

however. does not imply any causal relationship between d and Cf, but only 

that the steady state size of subgrains attain a certain value for each 

c01Ilbination of 'stress, temperature and stl'ain rate. The initial grain 

size does not seem. ta have an effect on either the ~ubgrain size or the 

[HEla.3 t d. ; & 
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steady state flow stres,s. 

The dislocation density within subgrains p has been successfully 
1 

~ 

related to the high temperature flow stress cr through the relation (37) 

Cf -. allbl; (2.2) 

where a is a constant, u the shear modulus and b the Burgers vector. 

In the subgrains formed in certain metals, such as AI,the 

disloc~tion density has been found to be very low (36,38); whereas in 
\ 

others, such as.20% Cr - 35% Ni steel (39)} it can remain quite high. 

This has been relat,B to the stacking fault energy changes, which will 

be considered later. The misorientation between subgrains does not 

appear te vary with the strain; strain rate and temperature on the other 

hand have a modest influence. the smallest misorientations being observed 

at the highest temperatures and the lewest sirain rates. The detai~ed 
\ 

nature of the sub-boundaries has not been clearly characterized to date. 

Aithough sub-boundaries of tilt} twist or mixed nature have been reported 

in various studies. the occurrence of these types has not been clearly 

related te material or exPerimental variables. The dislocation density 

in the subgra~n walls is aiso largely unknown, due to the experlmental 

problems involved in its determination. and the rate control1ing annihila-

tion mechanisms have not been unequivocally determined. 1 

2.1.2.3 Effect of solute addition on dynamic recovery 

In general, alloying increases very markedly'the resistance of 

metals ta creep as weIl a~ increasing the flow stress under constant 

strain rate conditions. , The effect' 1s m05t marked when the fbst few 
1 

per cent solute i5 added than it i5 at higher solute concentrations. 

/ 
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Solutes have ~een thought to affect the flow stress either by acting as 
1 

point obstacles on the slip planes or by decreasing the stacking fault 

energy. The decrease in SFE leads to a decrease in the recovery rate 

and thus leads to higher flow stresses. 
1 

Empirically, it has been shown that the creep rate is • 

proportional to yS.S, y being the SFE (40-43). In zirconium-tin 

alloys Sastry et al (44) were able to relate the observed variation of 

SFE with solute concentration"to the ~aracteristics o( the rate-

controlling obstacles, as determined from mechanical tests. They showed 

that in these alloys, where the unzipping of attractive junctions is 

proposed as the rate controllin'g mechanism, the free energies of the 

obstacles in the absence of stress calculated from the stacking fault 

energies were in very good agreement W:l th those deterrnined from the strain 

rate and temperature dependence of the f'low stress. AlthQugh similar 
1 

studies have not been carried out on other alloy systems, it appears 

possi~le that SFE changes promoted by alloying mar, in general, be the 

c~use of the change in mechanical behaviour. Changes in diffusivity and' 

in the elastic moduli with solute content may also be expected to influence 

the mechanical behaviour, but have so, far been found to be of relatively 

little importance. Nevertheless, sharp decreases in creep r~te with solute 

addition have been observed in a-brass (45) and in Nb~Mo alloys (46), and 

these'cannot be explained by SFE c~nges alone. 

It has been shown (47) that the addition of silicon to iron 

causes strengthening at low temperatures « 800oC) and appears to soften 

the material at higher temperatures. Immarigeon (47) was able to obtain 

the variation ,of both the probability o~activation of a dislocation over 

the obstacles and that of the density of activatable sites with-temperature, 
1 

... -~~~~~------------------
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from the thermal activation analysis which will be described in Section 

2~1.S. He found that, at 11igh temperatures, the increase in the pre-

exponential factor of the rate equation caused by silicon addition (which 

is related to the density of activ!~able sites}~was overpowering the 

corresponding increase in obstacle strength. 1 

This resul t is of some impdrtance since it shows that solute 

addition May induce, apart from an increase in obstacle strength, il vari-

ation in other parameters which may reduce and even overcome the str'engthening 

component. 

l ' 

2.1. 2.4 Dyna.mic recovery models 

None of the present models explains in an entirely satisfactory 

manner aIle the features of dynamic recovery. However, three of the 

principal types will now. be examined in turne 

2.1.2.4 (a) The dislocation climb model (48,49) 

The situation considered i5 that of dislocations emitted by a 

source, but subject to strong interactions with neighbouring pile-ups 

in adjacent slip planes. Further pile-ups are produced, and dislocation 

motion by glide becomes inh~bited until t~e leading disloc;9ons ,in the 
, , 

pile-ups begin to climb and, be annihilated by dis locations of opposite 
1 

sign on neighbouring planes. When a dislocation is annihilated, the 

corresponding source emits a new dislocation and the old configuration 
\ , 

is re~~~ablished after a strain increment. The strain rate can be 
\ 

expressed as 

, c 
e: - b.A.N. il (2.3) 

1 \ ,t 

,""" 
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where N i5 the density of disloca,tion sources, c the climb rate, h the 0 

distance between adjacent pile-up groups, A the area swept out on the 

slip plane by the leading dislocation and b the Burgers vector. The 

rate of climb is controlled by the rate at which vacancies can be sup-

plied or removed. The climb rate obtained by Weertman is 
Il 

c -

" 

2 4 
2Ds'cr • L.b 

\l.k. T 
(2.4) 

where D is the self-diffusion coefficient, L is the length of the pile-up, 
5 

and the other symbols have their usual meaning. 

~ In order to obtain the strain rate €, h must be estimated from 

the stress (J - llb/4rrh required to f6rce two para 11 el pile-ups to pass 

each other and L 2 is estimated to be proportional to cr. Under the.se 

conditions, Weertman arrived at: 

€ - (2.5) 

The above stres~ exponent agrees reasonably well wi th empirical observa­

tions in pure metaIs and in sorne soUd solutions.' Sorne of the assumptions, 
A 

however, ren~er this equation less than appealing (1,S,SO,51). N is not 

like1y to be a constant but rather is expected to increase with stress. 

'The' stress dependence of Lean be 

analysis.leads to stress exponent 

1 

quesUoned as weIl, « ), 
of S, for eXàmp le. 

and a '~~ore refined 

Finally, the dis 10-

cation pile-ups which .constitute ,the ground for the theory have hever be~n 

observed. The activation energy predicted is ~hat of self-diffusion, 

which agrees with those determined experimentally only in high temperature 

creepJ and t~en not for the h.c.p. metals (52). 

'., .~ ," .. ~':.~ ~ ~L;~~ l"::·";;~r!~"'C. ~ 
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2.1.2.1 (b) Dislocation jog models '(53-58) 

13. 

When screw dislocations intersect eàch other, they become jogged 
-, 1 

with, edge components which restrict their motion. If the j ogs are ~o keep 

up with the dislocations, these must move in .. a non-conservative manner. 

They emit or: ahsorb vacancies. A chemic~l force, due to the deviation 
1 0; the vacancy concentration from equilibrium, is exerted on the disloca-

tians at the jogs. 
1 

ts, value is given by: 

for vacancy emitting jogs; and 

(2.6) 

(2.7) 

for vacancy absorbing jogs. Here Co is the equilibrium vacancy concen-

tra~ion in a dislocation-free crystal and ce is the local vacancy ~oncen­

tration near the vacancy emitting jog. ca is the counterpart of ce for 

a vacancy absorbing jog and the other symbols have their usual meaning. 

Barrett and Nix (58) have related the excess vacancy concentration to 

the j og emisslon through the term: 

(2.8) 

For vacancy absorbing jogs, the equivalent expression 15: 

(2.9) 



b 

14. 

[ 

these equations imply that only bulk diffusion occurs. 
1 1 

By appropriate substitution of the above four equations) and 

considering that, in the steady sUte, ab>. - fe 

(2 ~ 10) 

(2.11) 

where À 1s the distance between the jogs, Dy is the vacancy diffusion coef-
,1 

ficient and Ve and Va the veloci ties of the emi tting and absol'bing j ogs. 

Relating now the velocities to the strain rate 'through the 

Orowan equation, and as~uming equal densities of absorbing and emitting 

jogs, botn contributing to the strain rate. Barrett and Nix obtained the 

relation , 

e: - (2. 12) 

where ~Im is the mobile dislocation density and b is a constant. 

The stress dependences of Pm and>. are unfortunately unknown. 

Assuming they are no~ stress dependen~, which limits the generality of 

",the equation, it fits the type of creep data generally obtained reasonably 
! 

weIl. A similar strain rate expression is obtained when rapid dislocation 

core diffusion is taken into account. Recently, more rigorous treatments 

have been proposed (59~6l) ~ which lead ta an eJC})ression of the type 

e a (2.13) , l, 

'" 
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In these models, the stress dependence of the mobile dislocation density 

is still not spe11ed out, and it is apparent that the tanh law i5 not in 

agreement with experimental observations at high stresses. 

2.1.2.4 ~c)' Recovery creep mode1s (3,14,62-65) 

These models are based on the knowledge that materials harden 
1, 

with strain and soften ~ith time. High temperature creep is considered 

as resulting from the simu~taneous operation of these two mechanisms. 

The strain hardening and the rate of recovery are defined as 

h -
r __ (dO) 

at (2.14) 

respectively'. Under steady state deformation conditions the strain rate 

can be written as: 

\ 

\ 

es - (-~) / (.2.a.) - r/h at de: 

•• 
(2.15) 

! 

~n stage l creep, the dislocation density increases with strain, and hence 

50 does the rate of recovery, until a balance 1s achieved between work­

hardening and recovery. McLean (3) ~xpressed the process by the Arrhenius 

equationl 

e: -
r bAChE: - rt)] 

to expr kt] (2.16) 

where to is a pre~exponential factor similar te that in the expression 

for thermally activated deformation and A an activation area. This equa-' 

tien describes satisfactorily the primary and'secondary creep stages. 

{ 
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Lagneborg (65), however, pointed out that this model was over-
1 

5 implified in that i t treated h and r as constants. He proposed a mode 1 

taking into account the fact that r increases' as the dislocation density 

increases with strain 1 and that the rate of work-hardening tends to 

decrease with strain. In accord with direct observations, he also con-

sidered the rand h parameters to vary with the geo~etry of the three 

dimensional dislocation network. Ouring creep, the distribution of link 

sizes varies as a result of three processes. The first one is the release 

of dislocation links by thermally activated noda unpinning. The second 

process i5 work-hardening, which arises as new d-islocation links are 
\ 

supplied by the expansion of the released links untÜ their arrest against 

the network. The last event is rec~)Very 1 which 1S postulated to occur 

by the climb-controlled shrinkage of small meshes in the network and the 

accompanying growth of the large ones, in analogy with grain growth. This 

model was found ta be capable of sinrulaüng the stràin-timé aspwell as the 

dislocation density-time behaviour (66). 

2.1.3 Dynamic Recrystallization 

2.1. 3.1 Microstructural changes during dynamic recrystallization 

In metais that a~e·. prone to recrystallize dynamically 1 the 

early stages of defonnation are accompanied by the fo~tion of a cel­

lular dislocation substructure. In these materials, the ceU sizes tend 

to be stnaller and the boundaries more tangled than those formed in materials 

that only dynamically recover during the deformation. Beyond a critical 

strain,dynamic recrystallization starts to o~r. In this process, nuclei 

fprm and new grains begin to grow. The driving force for the growth of 

new.grains is the strain energy difference between the heavily deformed 

region outside the nuclei and the essentially dislocation free regions'_ 

.. 

• 
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wi thin them. 
,~ 

The new grains grow fast, consuming the severely,strained 

old grains. 

If the rate of straining is low, the new grains can grow to 

their full extent without being themselves appreciably strained. The 

driving force does not decrease significantly as the deformation is pur­
III 

sued at a low strain rate and thus permits the rate of migration to remain 

nearly constant until recrystallization is cornpleted. The flow stress drops 

during the process from that of a heavily strained material to that of 

a statically recrystallized or annealed metaI. As straining continues, 
1 

the disloc$tion density builds up again, until nucleation again cornes 

into play, leading to a repetition of the cycle. Under such conditions; 

the flow stress keeps oscillating with strain. 

At high strain rates, the situation is quite different. The 

cellular structure evolved in the early strain history is môre dense and 

the sub- boundaries pin the grain boundaries more effectively, so they 

cannot supply new grains through the boundary bulging mechanism. Nuclea-

tion is now originated throughout the deformed grains and recrystallized 

grains begin to grow. The centers of the new grains, however, become 

strained as defornation continues. As the new grains start to experience 
1 

dislocation build-up, the driving force decreases. and causes a concurrent 

decrease of the rate of migration of the boundary. The recrystallized 
1 

grains can accuillUlate enough strain to begin to recrystallize again ev en 

though the first recrystallization cycle is incomplete. 

The material thus exhibits a distribution of regions with dif-

ferent degrees of deformation, but none exceeding the peak strain. The 

peak stress arises because the material l in the first recrystallization 

cycle, is strained as far as it can be without recrystallization. Further 
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straining causes a stress drop as t~e new grains grow. The steally state 
! 

stress reached is characteristic of a dynamic average of aIl the strain 

conditions in the material, and lies between the yield stress of statically 

recrystallized ~terial and the peak stress (22,67,68,70). 

, 

2.1.3.2 Critical strains for the nucleation' and completion 
of recrystallization 

The critical strain for dynamic recrystallization EC 15 somewhat 

less than the peak strain E at which dynamic recrystallization already p 1 

bal~nces work-hardening (22). The relation between EC and E has been 
,1 P 

approximated by (69): 

5 ~ 
tc - - e: 6 p 

·1' 
i 
l, 

(2.17) -

Recrystallization kinetics follow a sigmoidal curve on a plot 

of volume recrystallized versus log time. At cot;lstalnt strain rate, a ~ 

plot of volume recrystallized versus log strain has a similar shape. As 

the strain for complete recry5ta1l1zation is hard to define" since the 

fraetion recrystallized does not reach 100% in a finite time, for practical .. 
purposes Er i5 taken as the strain for 95% recrystallization. 

The st\t"ains e: c and E decrease with increasing temperature, and 
r 1 

this has been attributed to the 'increase in the rate of recovery J'and 

therefore 'of nucl~ation at higher temperatures. The increase in e- and 6;r~ 
1 c , 

with strain ~te has the sàme origine The effect of the two variab!es on 
\ .. J e: c and Er ~an \:~e expressed as (6) 

'. ..1 .. .1 1 

1'tJ' 
"" 

(2.18.) 

·1 
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(2.19) 

, where Z is the Zener-Hollomon parameter. 

The strain for the completion of recrystalliz.ation Er i5 affect,d 
1 

by_ strain rate not onl>; through the nucleation rate, but also through the 

decrease in driving force and'consequently through the rate of g~in-

boundary migrat~ with increasing strain 

is far more sen4ftive to strain'rate th an 

The result is that tr 

-} 
1 

2.1..3. S Grain and subgrain size in dynamic recrystallization 

The grain "size dg during ~teady-state deformation re~ns 'ëpnstant 

wJth strain, and has been correlated with the steady state stress through 
1 

,the relation: 

* 
CT -s (2.20) 

whel'e KS is a constant, and M varies between O.7S and 1.0. This relation~ 

however~ does not~sigriify that the stea~y state stress level is determined 

by the grain size. In reality the situat'ion is more complex~ t.~d we can 

expect three factors to act on cr 5' Thes,e ~,~e the subgrain size in the 
l 

recrystallized grains, the dislocat_~on density within the subgrains ,and' 

finally the grain size. The subgrains add a component to the 'flow stress 

...!! sg of the type: 
r" / 1 

1 

1 1 

\ , 
i 

o 

" 
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1 .' 
where d is the average subgràin size and K4 a constant. sg 1 

\ 

This relation 

1 is the same as the one relating subgrain size and flow stress in dynamically 

recovered metals. 

A second component crds comes from the dislocation density within 

subgrains Psg~ in the'form: 

cr -ds 
1/2 

a Il b Psg (2.22) 
'\ 

where" a is a constant. Il the shear modulus. and b the Burgers vector. 

The distinction between these two components has been discussed 

by McQueen and Jonas (6'). ,It is useful fr?m a conceptual point of view 
1 

but one could argue that it i~ an arbitrary one since the dislocation 

density within subgrains 

-1 the term K4dsg already 

is not independent of the subgrain size, Sb that 
1 

contains the dislocation density term. The two-

l' 

- views may be r~nciled, however, if we consider that PSgl/2 is froportional 

-1 ta dsg ,so that the terms O'g and O'ds can be combined t,o give: 

crsg+ O'ds - K4dSg- 1 + a Il b Ps 1/2 

\ 

_ "JC':'d -1 
_ -'5 sg 

'-..,. 

-, 

A further term arises froht the contribution of t1he grain 

(2.23) 

(2.24) , 

boundaries. The limited evidence for thiS component is that a Hall-Patch 
l ' 

relation appears te apply ~/ thus : 

.. 
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where'Ggb is t~e flow stress component arising from grain boundaries, 
1 1 

dg is the grain size and K6 a constant. As a result, the steady state 
'-/ 

flow stress during dynamic recrystallization will have two structural 
o 

components and "can be written, if we calI a* the effective stress: 

1 
• 

as - a* + KSdSg-
1

.,. K6dg-
1

/
2 (2.26) 

The nuclei density will be inversely proportional to the sub-

grain size and, in 'turn, the larger the nucleus density, the smaller the 

grain size. The outcome of this sequence is that the recrystallized 

grain size is proport~onal ta the subgrain size. Equation 2.26 can thus 

be rewritten: 

- a*'" K d -1 + 1< d -1/2 
Gs 5 g 6 g (2.27y 

, 
It appeals that the Hall-Petch contribution is smaller than the subgrain 

contribution, as the variation of as with dg follows the experimentally 

determined relation given in Equation 2.24; that is, the ~erm dsg in 

Equation 2.26 seems to predominate over the dg terme 

'----
2.1.3.4 Effect of alloying 

AIIoying affects dynamic recrystallization in two opposite ways. 

On the one hand it greatly~educe$ the rate, of recovery (see preceding 

section), which promotes an increase in the driving force for dynamic 

recrystallization. On the other hand, i,t !educes the rate of migration 

of grain boundaries, and as a consequence slows down the k~netics of re-­

crystallization. In OFHC copper te~ted at soooe, the steaJy state flow 
cP' 



,-II , 1 

" " "- ""·","llttt/l.~"!"""'''''~i'>t'''~~'''"~--''~O\''p'l'h~_(lII~ ... ~ ...... _. ___ _ 

'. 1 

stress is achieved after a strain ~ about O.14~ whereas it can take a 

strain of over 0.5 to reach the same condition in tough pitch copper 

under the same testing conditions (70). In Cu-9.5%Ni~ the nickel addition 

considerably decreases the rate of recovery and,at a strain of 0.7, 'the' 

peak in stress has' not yet been reached, let alone the strain for the 

onset of steady state flow (6). Similar trends haye been reported in 

brass (71), monel (72). Ni-base supera110ys (73) and austenite (74). 

"b - _ 

2.1.4 Empirical Flow Stress Relationships 
.p 

Thé main parameters,that affect high temperature aeformation 

are the temperature. stress and strain rat~. Strain has an'effect only 

as long as steady state flow has not been achieved. The structure obviàosly 

has sorne influence on the stress but it is difficult to define ~t. Grain 

size will add o~e component. stacking fault energy another: Jut th~ largest 

contributions can ~e expected from the sub-bo~ndary qensity and dislocation 

density as discussed above. It is usually assumed that the structure 

factor remains constant as long as the flow stress is constant, indepen-
" 

dent:iy of str~in rate and temperature. although this may not,'be exactly 

~valid. More rtgorously, the structure jactor can be expected to depend 

on oiE or T./)J. rather than on a done. 

2.1.4.1 Stress dependence of the strain rate (1) 

-, '>""", ~~'", '---"~ - ' •• At very low stresses (very hlgh temperature creep), it is found 

o ~'~-'-'-th;~rain rate is p~~por"tional to tl1e flow stress : 
" 

1 o (2.28) 

, 1 
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At intermediate stresses (dreep, moderate str~in rates)~ the relation: 

€ -
(2.29) 

is found ta apply. At still higher stresses, the best fit of the stress 

strain rate rel~tion appears to be of the type : 

(2.30) 

It has also been proposed that the latter two relations are contained in 

the simple equation : 

(2.31) 

We shall rest'rict our considerations ,t'o the Most usual equation 

faund in practice, which is Equ{tion 2.29. The value of n. determined 

from 
, 

n ,- (alogdaloga)T is, typically be'tween 4. and 5 for ptire 
1 

metals and solid solutions. The stress' exponent is in the range S~lO for 

precipitation hardened alloys and is even higher for dispersion hardened 

materials, where values_ up to 40 have been observed (75-78). 

1 

2.1.4.2 Temperature dependence of· the stra,fn rate 
,...,.~ 

- ::. ....... ,~ 

High temperature deformation is thermal1~ activated and can there-

fore be representea by an equation of the type: 

€ - A(a)eXP(-~) (2~32) 

\ 

\ 

.' 

. ' 
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The value of Q is found to vary with temperature (and therefore with 

stress) in creep. It appears to pass through sorne plateaus, and above 

0.5 Tm reaches a temperature independent value about equal to the acti­

vation energy jor self-diffusion in sorne metals (2). In the hexagonal 

metaIs, the activation energies are generally higher (4,52) than the 

seif-diffusionyalues. Under hot working conditions, Q appears stress 
- / 

dependent, in~icating that the self-diffusion activation energy probably 

represents a limiting ~ase. Moreover, Q increases with ailoying content, 
1 

a result which cannot easily be explained by variations in the self-dif-

fusion coefficient. 

2. Jt.5 The Application of Reaction Rate Theory ta High Temperature Flow 

The empirical relations, unfortunately, cannot be used directly 

to obtain an understanding of the rate controÙing mechanisms of' plastic 
'ï 

the other hand, ar~ v~ry specifie flow. The dynamic recovery models, on 

and their derivation requires assumptions which probably oversimplify the 

relations between the vârious mechanisms involved in the deformation. 

Thermal activation analysis avoids these difficulties because it is based 

on a rate equation in which dislocations overcome unspecified obstacles; 

according to this method, there is no a priorf knowledge of the obstacle 

geometry. The utility of the approach, which is very widely used, is ,to 

yield information about the properties of the rate-controlling obstacles 

éi.e. their density and shape) thro\.lgh the activation parameters and 
1 

thereby to enable the researcher tq get closer to their identification. 

A brief description of the main features of the theory will be 

given, and for a more COjPlete trèatment the rea~er is referred to' Evans 

and Rawlings (79), Li (80), Gibbs (81), Surek et al (82-84) and Kocks et al 

(8S) • 
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2.1.5.1 Thermodynfmics of dislocation-obstacle interactions 

The analys~s considers a giide dislocation which is resting 

oagainst a localized obstacle. The,obstacle is characterized br its free 

energy profile. an example of which is shawn in Figure 2.2.a. In the 

absence, of applied stress. the change in free energy of the system when 

the dislocation moves from its rest position ta the saddle point is ~Go' 

which is equal to ~F, the Helmoltz free energy change, since no mechanical 

work is done during the process. For this reason the c~rve is labelled F. 

The free energy change that ta\kes place during tbe dislocation 

.movement generates a local back stress tb where : 

l' -b 
!.(2!.) , 
bM T• l 

(2.33) 

and b is the Burgers vector, A - lx the are a swept by the dislocation, 

1 being the length of the free dislocation between obstacle pinning points 
" 

and x the displaceme~t coordinate aiong the glide direction. The back 
. 
stress corresponding ta the free energy curve of Figure 2.2.a is shown 

in Figure 2.2.b. 

When a stress is applied to the dislocation, it moves against 

the obstacle un'til the effective stress 1'* t is balanced by the back 

stres~ ~b due ta the obstacle, the new rest position being characterized 

by the displacement coordinate xl * or better AI*' The dislocation cannat 

move any further under this stress until it reaches the position A2* Mhere 

t The 
the 

1. 

local 
local 

e~fective 'stress 1'* is related to the ap~ied stress 'a and 
value of ~he internaI stress Ti through T* - Ta - Ti' 

1 
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FIGURE 2.2 Schematic representation of the obst~çie­
dislocation interaetion: 

a. Helmholtz free energy CF) and Gibbs free 
energy CG) barriers as a junction of ,the 
area swept br the qislocation 

b. back stress profile feIt br the dislocation 
in the vicinity of the obstacle as a function 
of s li pped ' area • 
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.... 
glide would again be possible. Ouring the activation event, thermal 

fluctuations supply the free energy necessary to move the dislocation 

from Alli' to A2*, The Helmoltz free energy change during activation 1s 

therefore: 

\ \ 

(2.34) 

The work done by the effective stress during the same event is given by: 

(2.35 ) 

so that the change in Gibbs free energy during the process becomes ; 

t.GiCTrr*) - llFi(T,T*) -' t.W 

" A2 *(T,T*) 

" _lb !Tb(A,T)dA - bA'(T,T')T' 

A1*(T,T*) 

(2.36) 

(2.37) 

and 1s shown in Figure 2.2.a. In this equation, both AF. and Ali' are 
J. 

functions of ,"', which presents a serious difficulty. 

Anothe~ approach was taken by Li (80) and gives: 

,,/ 

IlIG. - tiF (T) - bAT* 
1 

(2.38) 

where AF is the previously defined Helmo!tz ~ree energy in the absence 

of st'ress,' or 

. , 
~, . 

/ 

E7 
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and A, the average acti,vation area 1s defined as: 

1'* 
ft: - .!... lA* d1'* T* 

28. 

(2.39) 

(2.40) 

The significance of these various quantities catt be seen 

easily on Figure 2.2.b. 

2.1.5.2 Derivation of the rate equatioR 

Having now/described the obstacle-dislocation interaction, it 

1S possible now to derive the rate equation. The-probability p that the 

dislocation arrested at its stable position A*l' will move to A*Z is 

proportional to the attempt frequency v and to the probability of success 

given by the Boltzmann term exp (-AG (T, 1'*) /kT) • Thus: 

p -~v exp(-AG(T,1'*)/kT) (2-.41) 

The value of the attempt frequency is limited by two extreme 

frequencies: the atomic frequency of vibration of an atom in the lattice. 

i.e. t~e Debye frequency "0 and the gr~u~d state disl~cation vibration 

frequency "0 - "0 ~l ' 1 being the length of ,tt dislocation segment. 

KOCKS et al (86) have dlscussed the question of Whlch attempt frequency 

should be used and concluded that the best value was about vD/IOO or 

v = 1011s·1., If the distance over which the dislocation moves after a 

successful activation event is ~, then the average dislocation velocity 

can be written 1 
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, , 

v - V exp(-~G/kT) o 

29. 

(2.42) 

where Vo - v • b L. The macroscopic strain rate € may then be obtained 

through the Orowan relation;, 

(2.43) 

where a is a constant and Pm the mobile dislocation density.' Finally, 

(2.44) 

where E - apmbLv. From Equation 2.44 it can be seen that, the pre-
o \ 

exponential factor E 1s a function of stress and temperature through 
o 

1 \ 
the dependencé of the mobile dislocation density on these variables, as 

• 
weIl as through the dependence of the Mean distance trave11ed after a 

successful activation on the stress and structure. 

2.1.5.3 Determination of the àctivation parameters 

Once E, fa and T have been determined by mechanical tests, the' 

activation parameters can be calculated using the method described below. 

Activation free energr 
, 

-ot.') 

The activation free energyAobtained br rewriting Equation 2.44 

as follows: 

1 ..... 

~G(T,'t'*) - -kT In(t(T,T*)/Eo(T,'t'*») (2.45) 



\ 
q, 

:' 

o 

30. 

The use of this equation requires knowledge of the stress and tempera-

ture de~endence of €O' which will be discu55ed be1ow. 

Activation ehthalpr 

The activation entha1py ~(T,t*) is given br the thermodynamic 

relation; " 

AH -"C* 
3(M/T) 1 a(1/T) 

* T 

From Equation 2.45 it i5 equivalen,t to: 

'''Activation -a;rea 

(2.46) -

" ' 
. \ ,. 

" 

(2 .. 47) 

l 1 
lt can be seen that l by combining aquations 2.38 and 2.40, the 

_c 

activation area A * may be obtained frem: 

1 
• -(ôAGlô't'*) 

b T A* -

which, using Equation 2.45, becomes 

A* _ ~(a ln t) kT(Ô ln te) 
b 3t* T -, ~ 31'* T 

Activation entropy 
1 

The activation entropr ~t constant stress i5 given br 

AS '" - • (aAG/aT) * 
l' T 

(2.48) 

(2.49) 

(2.50) . 
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which becomes, using Equation 2.45 again, 

àS * T 

kT(a ln~) 'a lne~~. 
- -k lne/to + aT T* - kT( aT ) 

T* 

31. 

In th!s equation, not only the temperature and strain rate dependence of 

ln € is required but its magnitude as weIl, which renders the determlna-o . 

tion of the activation entropy more difficult than that of the other 

paramet ers. 

, 1 

Stress and temperature dependence of the pre-exponential 

The determination of the activation parameters cannat be achieved 

without some further assumptidn'regarding the stress and temperature 
\ " . 

dependence of the pre-exponentia~ since the latter appears in aIl the 

equations giving the activation parameters. Two approaches have been 

taken: 

i. The pre-exponential €o is ass~ed to be constant with stress 

(87.88). The above equations are then very simple as the a ln €o Iterm 

drops out. In this case 

AHT* - kT2(3 ln e) 6H 
aT T* exp 

Ll 

(2.52) 

• /1 

A* - !:I(a ln E:) - A*exp b aT T* (2.53) 

. . 
6S * - AH */T + k ln (e:7eo) 

't T 
(2.54) , 

The subscript exp refers to a quantity that can be measured directly from 

experimental quantities. Similarly, 

\ 

~ ~,~~, j~~~:~f; ~7,,'i,.~~~.;,;'t~\~':;~~ç,,.~:;~/~1~~~~~~.~ ~~~ ~~,".,~- ,. '~ll;Î:k2;}H4*4;Miîî&1iM"'SiMif'V~ • ·T . • \ l ~ 
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, , 
AG - -leT ln (e/t ) 

, 0 
(2.55) 

calculation of t~e activation entropy and energy still require knowledge 

of the magnitude of'&o' and in the absence of this knowledke ~t has often 

been assumed that' AS * is equal to zero. 
T 

The~e assUmpti~s, however, oversimplify the situation and. for 

this reason a second approach has been sugg~st~d. ' 
- n 

iL The other alternative, proposed by Surek et al (82-84) . , 

is to assume that the obstacles are not only rigid (i.e. AF is independent 

of T*) but that their free energy varies with temperature according to 

" 
AF (A, T) - g (A) 'w-ll (T) (2.56) 

" 

Here g is a shape function -and, lJ is the shear modulus. In this case }l~~ 

obstacles are elastic in nature) a hypothesis which ~ppears to be Ph;~Cany 
more realistic. 

Under these assumptions, ~~ey shoW"ed that eo could be determined 

, through an iterative procedure. An important special case is when &0 

is a function of the modulus reduced stress T*lll only. e,g. ln to ~ f(T*/lJ) • .. 
In this case the activation parameters are given by 

'f 
.. 

* T2 d 0 di 
AH - AHT - kT* • \.12 • Tt . d'(T*h.l) T* exp (2.57) 

* - AH' .. hen df/d( T*lll) - 0 

• exp (2.58) 

'-... 
~ 
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. , 
kT df A* Afr ~ -- bll 

. 
d (T*/JJ,) exp 

! 

- Afr 
exp when df/d(T*/fj) - 0 (2.60) , 

"-

, T* 
.!. ~ bA*e~ T* AH eaœ + . 

AG. - J.I 
1 T ~ 1 --. , l,l dT 

(2.61) 

T ' 
where AH \ and A* are the quantities of Eètuations 2.52 and 2.53. 

exp exp 

AGi can thus be determined from'experimental .quantities ~lone, and the 

functi-on f can stlbsequently be obtained graphically or numerically through 

,Equation 2.54. This approach has been su~cessful.lY app1ied to a-~irconium 

(84), zinc (84), polycrystalline ice (84) and is more physically realistic 

and self-consistent th~n previous analyses. 

By these methods, both ~o (T, T*) ~nd AGo - ~F, ,can be calculàted. 

The dependence of So on stress and temperature) as well as on strain and 

solute concentration, for exa~le,' leads to information about the obstacle 
~ . 
~density and to its response to deformation ~nd to alloying. Similarly, . -

the value of-hGo - AF, a~ weIl as the detailed form of the forèe-distance 

Le, ca~r bè interpreted in terms of .the ;ometry of the obstacles. This 

can also be dependent on solute concentraÙon and -on other experimenta1 

Pllrameters. 

Ip Zr-Sn alloys, ~s weIl as in Cu (89) and Fe (47), this method 

,\ .has led t~ the conclusion that the rate-controlling mechanism was the . 

unzipping-of d~slocation nodes or attr~~tive junctions. The effect of 
J 

solute addition on-the node free energy was also deter~ined (44). 
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2 ~ 2 FLOW SOFTENING MECHANISMS -, 
-- ~ t.::. .... 

A graduaI deèrease in flow stress with strain at elevated;' 

temperatures is J!ot an 'unknown phenomenon. There al"e severai mechanisms 

which are capable of causing such a softening effect. They can bé cUs-
o 

sified in two categories~ the first one involving only dislocation inter-

actions, whereas in the se~o,'5J a s~cond phase is present. In the latter 

casel an interactj..on between the di{locations and one of the phase~ 1s' 

usually l'esponsible for the softening behaviour. Flow softening can also , 

take place in potentially superplastic materials, dutJ.ng the transition 
\ 
ta superplastic behaviour. In this case, the microstructure can either 

be single or twa-ihase. 

<;0.,."'_ 

2.2.1 Mechanisms Invol v ing Dis locations Only 

2.2.1.1 Dynamic recrystallization 

A description of dyna'rl!.ic recrystallization has been given earlier 
1 

in this chapter. Flow softening due to dynamic refrystallization arises 

from a sharp dislocation /density dec,:ease as the new recrysl~allized grains 
. 

proceed to grow at the expense of the severely strained grains. The nucle-

ation 'of these new grains requires the accumulation of a critical strain 
, 

EC' which increases with strain rate and decreases wi th temperature. In 

turn, the temperature and strain rate dependence of € c cause a similar_ 

variation of the peak strain EpI since these tllO strains have been observed 

to be related through Equation 2.17. In solid solutions, e: ,and thereby 
1 c 

e;. increase with solute content, because the increase in the dl!iving force 
p 

for recrystallization caused by the enhancement of the dislocation density 
t~ 

due to alloy addition is more than co~ensated br ~ decrease in the rate 

of grain boundary migration'. Microstructural observations of deformed 

t. ~ .. * ~ •• .~ ...... t •• .-.~ ,.. _, .. :bif. LL." ,1 ..... 41] u ... i .... _ LE 
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samp1es show in this case a rough1y equi~xed structurel the grain size 

bearing no reiation to th~ original one. As has been discussed earlier, 

-
the grain size ob-.IDed as .a resu1t of dynamic recrystallization is 

inverse1y related to the flow stress • 

2.2.1.2 Substructure so~tening 

The Mean subgrain size during steady' state flow is a unique 

function of the deformation temperature and strain rate. The subgrain 

size can also be correlated with the steady state \flow stress. However, 

sudden decrease in' the strain ra'te or an increase in temperature will 

lead to a sudden change in 0, as well as to a dispers ion of the original 

substructure in order to allow the formation of a coarser one corresponding 

to 'the new testing conditions • 'On the sudden change in strain rate or 

temperature l the effective stress 0* is changed immediate1y; the"internal , 

stress 0i can only change l howev~r. when the s~bstructure geometry is 

changed. The adjustment ,Of the substructure. and of the internaI stress 

contribution resulting from it is not instantaneous. Immarigeon (15) has 

shown that. in Armco iron~ 'a strain of 0.2 was required to transform the 
, 

~ubstructure from one steady' state to another wh~n the strain rate was 

-1 -1 -3 -1 decreased from 10 s to 10 s • 

flow stry~s is shown in Figure 2.3 . 
.-

The corresponding behaviour of the 
\ 

The deformation of a material in 

which a strong substructure is present as a resu1t of prior hot-working 
1 

will Iead to flow softening unti 1 the stable, coarser) substructure is 

established. \ 
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FIGURE 2.3 Flow softening in Armeo iront resu1ting from substructure 
coarsening. ca~sed by a sudden strain rate decrease from 
10.1 to 10.35. 1 , after, Immarigeon (15). 

\./ 

l , 

: ~--... _ -' :7" ;, ; j,,';.:/, .'l"·ft;-::"~~~ .. ~~*Ww,,,·"*,,,+~d "_:1:': {·A@is 4 : ?$, .fMAWS#S4PM{;: ; .1, , 'l? . '- 11 



1 
1 

o 
\! 

- -~~~- ... ~----~-

i 

37. 

2.2.1.;) Texture softening 

In p~lycrystailine materials having a stro~g preferred orienta­

tion" it may happen that the texture is such that a11 the slip systems 
1 ! 

have a very low Schmidt factor ~d are therefo~e difficuit to put into 

operation. This requîres the application of a high'uniaxial stress in 
, 

the ~arly stages of deformation in order to balance the unfavourable slip 

conàitions. As deformation proceeds, the grains rotate with respect to 
1 . 

the load'axis, and evolve into a new texture that has a higher Schmidt 

factpr for its slip systems. This w~ll result in a softening effect, 

which will be more or 'less pronounced depending upon the extent and type 

of the initial and final textures and, above aIl, upon the anisotropy of 

the metal. Face-centered cubic metaIs, which have 12 close-packed slip , , 

systelll$. are the 1 east likely to show any marked effect. Hexagonal metals, 

on the other hand, have,only three close-packed slip systems. For example, 

zinc and cadmium deform easily by basal glide, while prismatic slip for 

these metals is very difficu1t: Thus these metals are very prone to texture 
" 

affects. Although a-zirconium and ~-titanium deform p,imarily by prismatic 

slip, and even though Pyram~dal slip can also be activated under higher 

stresses, their strength is also very dependent upon the texture. 

In Ti-6Al-4V, Lowden and Rutchison (90) have related yield 
r 

stresses to the rol.ling texture of the alloy. A very large basal pole 

density in the transverse direction was found te give tensile yield stress 

values of 1400 MN/m2 in the transverse direction and on1y 800 MN/m2 in the 
\ 

rolling direction.- Under SÜliiar conditions, compressive yield stress 

values went from 1050 MN/m2 to 780 MN/m2 respect~vely. The large difference 

in str~ss values between ~ension and compression was attributed to the, 

asymmetl'ic glide of partial dï"s1ocati:ons, but in any event the stress 

differential between the transverse and rolling directions .was large. 
lb 
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o In zirconium 5% tin tested in compression at 775 C Luton (4) 

observed t*~ypJ,1S of stress-strain curves. A "normal" one character­
,,_ 0/ 

istic of dynamic tecovery alone was observed on samples having e~iaxed 
1 

_ a 

grains and a (1010) pole texture. A dropping flow curve appeared on 
\ 

samples which had a large (0001) p6le density along the compression axis, 

and showed a Widmanstatten type of structure. This has been interpreted 

as being due ta texture 50ftening (91). 

2.2.1.4 1 Adiabatlc softening 

During deformation~ if the strain rate is high, the samp1e will 
/ 

not remain at constant temperature but will heat up adiabatically, causing 

the substructure to coarsen and the flow stress to decrease in a process 

similar to that of substructure softening. The strain :ates r~quired to 
li 

produce this effect are above l/sec., and high strains favour it as weIl. 

The low work hardening rates at high strain rates observed on aluminum by 
1 

Hockett (92) have been attributed to this effect. 

f 

2.2.2 Meohanisms Involving a Second Phase 

2.2.2.1 Spheroidization of 1ame1lar structures 

The deformation of pear1ite at high temperatures considerably 

accelerates the rate of spheroidizatian. Spheroidization, in tum, has 
j 

been found to be associated with very marked strain softening. The rate 
.... )'0- .' 

of softening with strain increases with temperature and decreas~s with 

strain rate (93-95). 

;, 
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2.2.2.2 Spheroidization of Widmanstatten structures 
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The deforma.tion of a 'hard' Widmanstatten structure i1'0 a more 

equiaxed structure leads to softening in zirconium - 2.5% niobiu~'-c§6), 
and has also b~en -observed in the deformation of zircaloy (97) and of 

Ti-6AI-4V in the a + e phase field (97). 

At eonstarit temperature, the strain necessary to achieve astate 

of dynamic equilibrium during flow at constant strain rate increases with 

strain rate !tnd with the s ize of the Widmanstatten a-plates. At high 

strain rates, the transformation of the initial structure into rough1y 
" 

equiaxed a. and B phase partiel es does not oecur even after strains of 

about 1; however, sorne flow softening is present. In this case i t seems 
1 

that the re-orientation of the Widmanstatten a-plates' during deformation 

is l'esponsible for the decrease in flow stress with strain. 

The mechanism whereby the Widmanstatten structure evolves into 

an equiaxed one during deformation is not very well known. Diffusion is 
" 

clearly involved in the process but the mechanisms have not yet been 

clearly defined. The drastic enhadcement of spheroidization br concurrent 

-- , 

deformation suggests that short circuit diffusion paths, su ch as dis location 

pipe diffusion, or vacancy-assisted diffusi?n are likely to play an 
" 

important l'ole. Results on Cl + a brass (98) have led to the hypothesis 

that during deformation break-up of the second phase plates could occur 

by the diffusion of solute along the subgrain walls. This, in turn, would 
. 

cause the subgrain boundaries to progressively become grain boundaries. 
", 

From this model, it can be predicteci~that the size of the second phase 1 

---~------ , 
spheroidized grains will. depend on the size of the subgrains formed during 

the ~ar1y stages of deformation. However, a rel~tionship between the sub­

grain size within! the ,plates and the subsequent equiaxed particle size has 

not yet; been established. 

1 
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2.2.2.3 Softening br Ostwald \ ripening 
1 

In the alloys in which precip-itation takes place, the flow stress 
.' . 

inereases with time as the volume fraction of the fine precipitates 

inc:eeases and the matrix becomes depleted in supersaturated solute. The 
1 

amount of strengthening caused by precipitation depends not only on the 

volume fraction, but also on the size and to a lesser extent on ~he shape 
, 

of the precipitates. When the volume fraction of the precipitates approaches 

the equilibrium value, the precipitation rate decreases towards zero. IThe 

alloy, however, is not in its lowest free energy state due to the appreci-

able surface free energy contribution, from the fine1y divided precipitate. 
l 

This term can be reduced if the largest precipitates grow at the expense 

of the smallest ones. This process, called Ostwald ripening (99), is 

controlled by solute diffusion'. 

The formaI theory of the process has been given by Wagner (100), 

, and Lifschitz and Slezov (101). Their treatment assumes' a constant volU"me 

of precipitate phase, and supposes that the particles are normally distri .. 

buted around a Mean value T(t) which vari~s with time. The particle radius 

distribution function is shown to take the asymmetric shape shown in 

Figure 2.4 and >to remain constant thereaf\ter. The variation of the average 

radius with time was demonstrated to follow the relation 

kt (2.62) 

\ 

wherer is the average radius at the time t, r the average-radius at l' 

o l' 
t - 0 and k is 'a constant. Agreement with e~eriment was found to be 

satisfactory in the Ni-Al' (102,103), Ni-Si, and Fe-Cu (104) systems, as 

well as in the y' (Ni3 (Al, Ti,Si) )/y supe~al1oy system (105). It must be 
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FIGURE 2.4 Partiele 1512:e distribution during Ostwald 
ripening of precipttates. r 15 the avè~ge 
radius of the preeipitates at time t. 
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pointed out that th!s theory Beglects thenstrain energy due to volume 

changes during precipitate growth, as weIl as the distortion components 

arising in the case of coherency between the preclpitate and the matrix. 

When an alloy is deformed in a situation where Ostwald ripening , 
taxes place, the particle coarsening process becomes accelerated by 

va~cies and dislocation pipe diffusion. The kinetics of the process 

can be increased by severai orders of magnitude by the deformation. As 
1 

a result, the role of precipitates as obstacles to dislocation movement 

decreases wit~~ strain, thus leading to prortounced softening. Such an 
.; 

effect hàs been observed in steels (106)r in tough pitch copper (107) 

and in AI-Mg-Pb alloys (108). 

From the standpoint of characterizing the features of the stress-

strain curves obtained under such ~ondi t ions, one can expect for this 

"process a larger stress exponent for the flow stress at yield than that 
~ 

obtai)ted from steady state deformation,. ~h~re precipitates do not contri-

bute significantly to the flo' stress (10\11310
1 

\ 

2.2.3 Superp1astic Materiais 

The deformation of superplastic materia1s may,be characterized 

br very large e1ongations which take place without an appreciable tendency 

to neck. This type of defo~tion is encountered either under special 

conditions (such as thermal cycling through a temperature range in which 
" ... the materià1 undergoes a phase change) or, as is _usually the case, in ver'{ 

fine grained (1-10 jJm) metals and a11oys. Many ~terialS have been found 
, ~ 1 

to be superplastic and good reviews of the composit\ons and properties 

have been given by Underwood (114) and br Johnson (lIS). 

k 
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MicrostTUctural observations on superplastic metals and alloys 

haJe revealed' that the grains remain essentially equiaxed during the . 

deformation, and do not exhibit any grain growth. Stable grains of a 

very small diameter are more easily obtained in two-phase alloys than in 

pure metals. The former require extensive solute diffusion for structural 

coarsening to take place whereas the latter only l'equil'e grain growth. 

For this l'eason, and because grain boundaty sliding"occul's more readi1y 

at the interface between two phases. two-phase al10ys constitute a very 

la~ge portion of the k~own superplastic materials (lIS). Dul'ing straining 
! 

the grains undergo large rotations and deformations , these having been 

evidenced by the curvature of previously inscribed straight lines during 

straining. 

The mechanical behaviour of superplastic materia1s may be 

characterized by a stre$S expo~nt of about 2, which is much lower than 

that found during the conventional hot working of metais. The value of 1, 
-.~ 

----- " 

\ 

. 
which corresponds to Newtonian viscous flow, constitutes a limit at which" 

,necking cannot occur. A few al10ys approach this value but never reach 

it. The activation energies !or superplastic deformation are either in 

the range of the values obtained in climb-control1ed creep (116), or they 
1 

may be l~wer and have been identified with the 'grain boundary diffusion 
" . 

energy (117,118). It is' of ïnterest to note that the affect of grain 

size d on the strain rate at constant stress and temperature is verY, 
, '\ 

1 .2 '" large and usually foHows' a d dependence (116). 
1 

The stress strain curves obtained in superplastic materia1s 

often show very pronounced softening (119). Most of the curves reporteJ . 
in the literature to date, however, have been determined at constant 

! 

crosshead speed which, in tens~Qn 1eads to an ever-4ecreasi~g true strain 
li) 

, 
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1 
1 rate. This in turn leads ta lower stresses and thus most of the softening 

observed 1S only apparent. 

In summary, the deformation mechanisms in superplastic materials 

are still controversial and cannot explain fully aIl the features of the 

deformation behaviour. A few models have been proposed to explain the 

characteristics of flow. Thase are: 

i. The vacancy migration model which attempt~ to interpret 

the deformation as arising from assisted vacancy migration through the 

lattice (120) or along the grain boundaries (121). This theory predicts 

a stress exponent of l, which is never observed in practice, and does not 

eXplain how the grains remain equiaxed during deformation. 

ii. The grain bound~ s1iding·model ~-130), which explains 

most of the features of the deformation. It does not. however, account 

for the experimental obser.vation that grains are deformed during straining. 

" Moreover, the rates predicted for this model appear in some instances to 

be much lower than the observed ones (131). 

iii. The dislocation movement madeis which have been proposed 

(132) are Iargely inadequate in that they do not explain how the grains 

remain equiaxed during deformation. Mukherjee ~33) has ~uggested a model 

based on grain boundary sliding with dislocation motion as the predominant 

mode of deformation within the grains but this model lacks experimental 

support 50 far. 

Clearly. more experimental work is required in the field of super-
\ 

plasticity t~ determine which, if any. ,of ~hese model5, is applicable. 
J' 
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2.3 OXIDATION OF ZIRCONIUM AND ZIRCONIUM ALLOYS 

The behaviour of unalloyed tirconium under oxidizing conditions 

has been studied in sorne detail during the past twenty years and is now, 

relatively weIl characterized. Zirconium-base alloys, however, have 

, received very little attention as far as their oxidation resistance at 

high temperatures is concerned. The paragraphs that follow will t1ere­

fore be devoted to a description of the prominent characteristics of the 

oxidation of pure zirconium. Later, the oxidation behaviour of alloys, 

and in particular those used in the present investigation, i.e. the binary 

Zr·Mo and Zr-Nb systems, will be eonsidered .. " 

2.3.1 The Zr-O Phase Diagram 

The oxygen-zirconium equilibrium diagram shown in Figure 2.S is 

reproduced from the Metals Handbook. The oxide Zr02 has a monoclinic 

o ' structure up to about lOl\C and changes above that temperature to a" 

tetragonal structure. The ~ion f stoichiometry that the oxide 

structure allows is not very elearly defi ed, but is appreciable. 

The Q-phase can dissolve up to 29.2% ato ie oxygen, the maximum 

solubilit~ being nearly temperature insensiti e. The solubility of oxygen 

in the e-phase inereases with temperature, but remains fairly small. Only 

about 4 atomic % can be dissolved in the B-phase a It thus 

appears that oxygen acts as a very effective tl-stabiIi er. 

2.3.2 Rate of Oxidation of Zirconium 

), 
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(2.63) 1 

can nearly always be applied to desçribe the oxidat'ion of pure metaIs.-

The above equatioq was found to apply to the oxidàtion'behaviour of low­

haf~ium zirconium under a 760 torr oxygen pressure. Belle and Mallett 
j , 

(134) observed ~; values lying 1,n =t:he range 0.31 to 0.38 for temperatures 

above 575 and below 9500C. They:, coneluded that zirconIum obeyed a bu 
h /' 

1aw' {lIn - 3); it ~s 'of interest ta note that nbt show any 
, s~l'IJàlJ"e. 

effect of the crysta1,40f the metal (fec 0 cp) on the oxi-

'dation ra:te. Charles et al. (135) J under the s~me oxygen pressure, 
..! ,~'~ 

observed that a eubie law also fitted their data in the 350 - 450°C , 

temperature range. These results were challenged by Gu 1 bran sen and 
-4 

Andrew (136) J who suggested that surface condit ion eould modify the rate 

of ,.oxidation. This conclusion .s based on theit results for mechanically 

abraded spe~~:ens,. whieh \i tted a cubic oxidation law J whereas their 

-res~lts for chemically polished ones obeyed a parabolic oxidation law 
, 

(l/n - 2). They interpreted the change; in b~haviour brought abbut by 
, 

chemical polishing as possibly being due to the formation of a passiv.s 

oxide film on the smoother surface. The oxygen pressure used was 76 torr J <:J 
... ...lt 

compared to 760 torr in the previous mvestlgat1ons. Under similar surface 

conditions, the ~ôsolute weight 4tcreases in the two sets of studies were 

comparable, indicating that th~re 'was little pressure dependence. 

- Porte et al (137) carried out some ~eriments to check--the "-

findings of Gullilransen and Andrew regarding th~ effect of surface condltion 0 
1 

on the oxidatioR rate. Below 6000 C and oxygen pressures varying from 50 

and 800 torr. they observed a slower,reaction rate for chemically polished 
\ 

zirconium; they found no appreciable difference above 6000C. however. In 
[ 

, fi cl 
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addition, they concluded that their results could best be expressed by a 

cubic law, inFeement with earlier investigators. 

Another study, which also led te diverging observationls, was 
. . f 

that of Osthagen and Kofstad (138). They âetected a considerable increase 

in th.;..mass pick-up rate with oxygen concentration in the metal and they 

estimated that, after IOO.minutes of oxidation at soooe under 760 torr 

oxygen-;Ofi1y abolJt 20% orthe oxygen picked up remained \n the oxide 
\ \ ' 

1 

scale, the remainder being dissolved in the,metal. The enhancement of 
., 

oxygen pick-up with oxygen cbntent in th~ alloy seems difficult to rationalÙe,,-

Since the oxygen diffusion flux is proportional to the oxygen gradient, 

it follows that the diffusion rate will decrease as the oxyge~ concentration . . 

is raised in the alloy. As a consequence it could be expected that the 
1 

oxide layer would build up at a faster rate, leading to a decrease in the" 
"t: 

oxygen pick-up rate. 
"'-..... -- ..... 

In attempting to ver if y Porters findings, Sense (139) also studied 
1 

the oxidation of zirconium in the 400 - SOOoC range under a pressure of 

1 about 50 ,torr. .H~ observed no effect of surface condition on the oxidation 
" 

~v rate, in contradiction with the results of both Gulbransen and Andrew (136) 

and Porte (137). In analyzing his dat~, he found that hi~ .~ate law varied 
, 

with time from line~r, to parabolic, to cubic. This result, 'however, is 

not neces~arily in I~PPoSi~ion to earlier investigations, .~~ •. the p~bolic 
rate lasted for times not exceeding "151 minutes, compared with several hours 

or more for the cubic law in the other investigations. 
, , l,,- 1 

In order to explain the variation in the oxidatian kinetics from 

parabolic to cubic, Smeltzer et al (140) developed a model applicable at 
,; 

!h~s theory assume~ that the 
, '0 

moderate temperatures (i.e.,300 • 600 Cl. 
" . " , 

oxygen ions migrate through the oxide lattice under a c6ncentration gradient 

(as in Wagner's model) and that the 'diffusion takes .place along short 
o 

1 

,1) 

'. 
\ 
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cirèuit paths whose density f decreases with time according ~o the rate 

equa.tion: 

f ~ f exp(- kt) 
o 1 

/ 
(2.64 ) 

\ . 
The effective diffusion coefficien~ Deff is therefore: 

(2.65) 

\ 

where f i5 the initial:fraction of oxygen sites within the low resistance 
o 

paths, f the f~action at any time e, and D and Db are the lattice and. 
. e 

short ci~cuit (boundary) diffusion coefficients for oxygene On the ~ 

assumption that Db » De' Smeltzer et ~l (140) derived the fo11~wing 

equatio~ for oxide growth: 

o f 
- k (t + ~(l - exp(- kt))) 

p °ek 
(2.66) 

Here xl is the thic~ess of the oxide layer and k is the parabolic rate 
, p 

-"Constant. This equation has an adjustable parameter k, and proves to te" 
\ 

capable of predicting or fitting in a satisfactory manner the oxidation 
a " 

behaviour. It is 1 important to point out' that this model does not·take 
q , 

into àccount the.dissolution of oxygen in the metal, and is thereby in-

J applicable .at high-"temper~tures. 

, 

o 

, 
, In· a later investigation, Hussey and Sme1tzer (141) determined 

\ 

the partition of oxygen between metal and ox~e. They found ~hat after 
l 

long anneal times in the SOO - ~OOOC range, e.g. up to 600 hours, 15 to 

<... .. \ of"the oxygen picked up ~~nt into the Metal phasesp th~ remainder 
~ ... / o. 

1 

.' 

"'-
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constitutiryg the oxide scale. Their observations on the'rate of oxidation 

permitted them to conclude that, after an initial transient, the behaviour 

was parabolic and that it was independent of the surface condition of the 

specimen. This conclusion contradicts sorne of the earlier results discussed 

above, but no interpretation of the.discrepancy was offeted. 

Somewhat earlier, Akram and Smeltzer.(142) reported that they 

observed a transition frem parabelic to linear oxidation after 60 hours 

o of heating at temperatures between 800 and 850 C. Th~ linear oxidation 

behaviour was found to be associated with layers'of porous and compact 

. oxide, whose pTesence was not explained. These results may, however, ber' 

overlooked, since subsequent work by Wallwork et al (143) again supported 
, 

a parabolic law ev en after long reaction" times in the oxygen pressure 

range 400 - 700 torr. 

In summary, then, the results on the rate of oxidation of zir-

conium appear to fall into tw~groups, one of
l 

which favours cubic,rate 

kinetics for intermediate and tong times, the ether supporting the view 

that a parabolic rate predominates. 

AlI the investigations described above Jere carried out under 

an atmosphere of nominally pure oxygene However, it is pos,sible that SGme 

of the observed discrepancies can be attributed to traces of nitrogen and 

water vapour in the gas, both of which ~~e been shown capable of causing 
, 

an increase ino the oxidation 'rate (144). 

2.3.2.2 Oxi'dation rate under:low pressures 

'The resu1ts ~isc~ssed so far were obtained under oxygen pressures 

ranging from 10 to 760 torr. The study of the oxidation of zirconium under 

still lower pressures shows a different. behaviour, which i5 a5sociated with 

, " 

~. / 
, 
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.~ 

the early stag~s of oxidation and in particu1ar with the formation of ~ 

thin oxide film. Under these conditions, i.e. at .oxygen pressures 

2 -5 between 10- and 10 torr, Deschamps ~t al (145-147) found that linear 
'" 1 

oxidation kinetics prevailed, followed by a parabolic rate of' reaction. 

They did not, however, co~e to any conclusion regarding the rate-controlling 

process. 

Under similar pressures, Niederlich and Paidassi (148) found 

also by gravimetry that the 9xidation rate varied continuous1y with time 
1 

in thé initial stages of oxidation. They hypothesized that the chemisorp-

tian rate was the controiling procéss. Rece'ntly, Horz and Hannne1 (149), 
r 

observed a linear oxidation ra~e,t~ the temperature range 1100 - 1600oC, 

and under oxygen pressures of IX~-S to 8x10-4 torr. The oxidation rate 

appeared to be aimost independent of temperaturej it was therefore con-
& ' 

ciuded that the rate controlling paraileter was the ifansport of oxygen 

atoms to the sample surface, a contention ~upported by the high pressure 
/ 

dependenct;. of the oxidation rate. 
j 

of Tem erature 

oxidation of metals, and zirconium in particular, is 

dependant. The temperature ,dependence follows an Arrhenius 
1 

1aw. and iméntal activation energy have been reported 

by many investigators. In an early work, Cubiciotti (ISO) deduced an 

activation energy of 75 kJ/mol, fram data in the 600 - 9200C range. In 
1 

the same range oftemperatur~, Belle and Mallett (134) published a value 

~ of 195 kJ/mol, but could not explain the discrepancy obseTVed. Support 

to the latter value was brought by the work of Charles et al (l~), who -
obtained an ene*gy -of 159 kJ/mol in the 350 

o ' -
650 C temperature range. 

" ,' ...... 
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The results of Gulbransen and Andrew (136) cited above yielded several 

values of dctivation energy. Chemically po1ished specimens led to Q -

135 kJ/mo1 throughout the temperature range from 400 to soooe. By contrast, 

a break ln the line on the log k versus liT plot occurred wheJ\, th,e resul ts 

obtained on mechanically abraded specimens ~ere p1otted. Below 525°C, the 

s10pe yielded Q - 76 kJ/mol, whereas"above 52SoC a valué .of 120 kJ/mo1 

was found. Gulbransen and Andrew ~ere not able to explain the origin o.f 
1 

the change in slope that they observed. They attempted to correlate the 

activation energies with possible oxide growth mechanisms, but without 

coflifusi ve resul ts. 
\ 

Under 200 torr oxygen, Porte et al (137) obtained an activation 
> 

energy of l~~ 3 kJ/mol from a very wide temperature range, extending from 

400 to 900oe. Their results agree,~ith those of Charles et al (135) and 
\ 

Belle et al (134), and it .is of interest to note that no break in the s10pe 

was found throughout the domain investigfted. Sense (139) o'bta.ined an 

activation energy of 122 kJ/mol in the parabolic oxidation region and 

176 kJ/mol in the cubic region, but could not relate these values té any 

physica1 proc~ss. The first value appears in agreement with that of 

~133 kJ/mol reported by Hussey and Sme1tzer (141). In a more recent paper 

(151), tihe latter investigators analyzed the oxygen 'gradient in the metal 
! 

and appUed a model based on simultaneous diffusion in both oxide and 
1 

metal. From the oxygen' gradient, they were able to determine the activa-

tion energy for oxygen diffusion in Il-Zr and obtained a value of 22'S kJ/mol, 

in good agreement with pub1isheu values (152). As was pointed out ear1ier, 

however, this ~el does not explain why ~he oxidation appears to accelerate 

with an increase in the oxygen concentration in the metal. To the author's 

knowledge, there has not been a satisfactort explanation for these larg& 

:i 
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differences in activation energy. This jeopardises ~he attempts made to 

determine the rate controlling mechanism. For this reason, perhaps, 

further studies of the oxidation behaviour of Zr have beer'l concerned ~ith 

1 aspects that are more amenable to physical interpretation. 

2.3.4 Mechanism of Oxidation 

~ny investigators have attempted to interpret the cubic and 

parabolic'rate laws, as weIl as the smalI pressure dependence of the oxi­

dation rate. In early studies. this effort was based on the assumption 

that oxidation was controlIed by diffusion through the oxide film. Marker 
\ 
t 

experiments showed that zirconium oxide grows at the metal-oxide interface 

(153), from which it was concluded that anion diffusion constituted the 

Most importan~ transport mechanism. Since the movement of interstitia1 
, 

0-- in the ZrOi latti:ce is lik4to be a slow process, with a very large 

activation energy, it was postulated that the diffu~io!'l ~f oxygen ions 
- .l, 

, occurred via 0-- vacancies (136). This was confirmed' by measurements of 

the thermoelectric power of the film, which 1ed to the conclusion that 

Zr02 is an ri-type semiconduètor (134). 

Nevertheless, the low temperature activation energies of 
1 

.-/ . 
Gulbransen and Andrew (136) did not agree weIl with :computed values bas4!d 

" 

"1 

40 on anion diffusion through the oxide lattice. ' MOTeoyer, other difficulties 

"1 , 
based on entropy consideratIons aIso arose (136). The model proposed by 

Smeltzer et al ,(140), in spite of its success in predicting the g~~jon 
\ ,."" 

l'Ste, could not provide a theoretical vaiue for the activation energy. 

PartIy as a result of these difficulties, the main thrust towards 

.an undeTstanding of th~~xidation behaviour under moderate pressur~s (10-

760 torr) was ~irected~o a consideration of the simultaneous diffusion 

\ 
'1 

, .. . , 

, 
" 
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of ~oxygen in the metal (143,154-156) and through the oxide. For example, 

Rosa and Smeltzer (155) and RQsa (156) have, arlalyzed the oxygen concentra-

tion profiles given in Figure 2.6a and b. In a, in the a-phase, oxygen 

diffuses through the oxid,e and arrives at the metal-oxide interface. Part 

of it remains and contributes to film thickening, whereas the remainder 
" 

simply diffuses into the metal. If the abscissa of the metal-oxide inter-

face is denoted by Xl' this situation can be described by the following 

relation' 

dXI 
) D (!S) dt - r a , x:Ç_x +0 

l 

..... (2.67) 

where Drr and Dr are the oxrgen diffusion coefficients in the oxide and 
l' , 

the Metal respect~vely, and crr and cr 1 the oxygen concentration in 
xl. Xl 

the oxide and the a-phase at the pOlnt Xl' respectively. No oxygen 

accumulation takes place within the oxide during diffusion, and as a con-, 

sequence 

- (2.68) 

where Am is the mass pick-up per unit area. 

, Figure 2.6b, representing the situation when oxidation occurs 

in the a-phase ts complicated by the presenèe, between the oX'Ïde and the 

thermodynamically stable a-phase o~ an a-layer. The description of the 

process involves, in addition to the above equations, which still apply 
""" 

at the ajbxide interface, a re~ation similar to Equation 2.67 at the q/a 
\ 

interf~ce. If the abscissa here is x2' we can wri te that: 
1 

/ 
,,' 
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dX2 - c ) - - D (acj (2.69) o dt 0 dX 
x2 x - x2 + 0 

where Dois the- diffusion coefficient of oxygen in the a-phase, and c 
o 

the oxygen concentration. 
) 

Another relation relating'the fluxes At the boundaries of the 

a-phase can be derived; it states that the difference betwèen the fluxes 

,of oxygen at the two interfaces serves to increrse the oxygen concentra­

tion. This equation has the following form: 
( 

,X2 2 
- '1(3 ~)dx + (!f) 

x J \ dX a x - x -0 ' 
1 2 

(2.70) 
\ 

. 
DifferentiaI Equations 2.67-2.70, applied both above and below 

1 

the transus, have been sOlved, in particular by Rosa (156). We shall, 
\ 

however, restrict the presentation of the solution to the case where the 

temperature is above the ~/8 transus. as it is relevant to the present 

work. The solution of these equations C!n be achieved numerically for 

preset boundary conditions, or can be obtained analytically if~some further 

assumptions ~e made. In RosaIs treatment, the variation in concentration 
\ 

in the a and a phases w~s taken as: 
I~ 

c - Co + B (1 - erf(x/2rDt» .B 0 0 

The ass~ption involved here 
i 

(2.71) 

,(2.72) 

.JI-

~1 and x2 move sl~WIY 

profile remains fixeS, as if no enough that the oxygen 
1 

moving,boundaries were present. e the physical situation is unique. ' 

'.-1' •. - ~~- -- ~ , ,:~::~.~!,,~;")' .. 'li. ... ~2 te (:J,d~,-"-.!t;""Çj~ldj'±!ijMP@çaL C f , ," j] 

" \.' J'. 



4.'IJXWW .... Ot.111I1f1lJ 1* : 11 '21111111; Li JI • b .. 

~, 
j 

o 

57. 

a' partïcul~r solution should permit the determination of the general 

1 1 . so utlon. If it is now assumed (as suggested by experimental results) 

that 

; 

CI. 73) xl - 2mlvi5'ïit 

and, 

2m2~ 
\ 

x2 (2.74) 
,,/ 

where ml and m
2 

are constants, and if Equations 2.71 and 2.72 are combined 
G> \ 

with Equations 2 • 67, 2. 68 and 2.69, int egrat ion leads to: 

.••••• (2.75) 
which can be written, after substitution of Equations 2.68 to 2.74 into 2.67, 

ff 

,1 6m _ [k \t. + k + k . Jrt (2 76) 
p(oxide) p(alpha) p(beta) • 

\ 

where 

l, 
'k P oxide 

(2.77) , 

2 

'" 

ml DU 2 
- 2~(cI - c )AJ::"r + 2B ~(exp(- D )- exp(- m2 )) 

x2 °Xz ,1 l, 1 

k ' 
p alpha 

" 
,l' 

1 

r 
••••• (2.78) 

This t3:eatment thus predicts a parabolic rate of mass pick-up, and further- ,1 

more permits an estimate to be made of the oxygen partition between oxide, 

a-phase and a-phase. • '1 



"" 

:/ 0 

Am"·. - (CIl - C )x oXlde ° 1 (2.80) 

j 

In a simi1ar way, ~he mass pick-up in the a-phase can be obtained from 
1 

Xl , , 
Am - je - e )dx (2.81) a X a '\ 2, ' 

X x2 ~ 2B1 dÇt C f ,1 (2.82) 1 er 'i7i5'i't- ierf~) 

and, in the B-phase from ". 

x 
Ame 2Bo~ ierfC(~) (2.83) ° 2 Dot 

The diffusion coefficients required for these calculations are available 
; 

in the literature. The activation energies f~ oxygen diffusion in the 
~o 

oxide, and a and B phases are about 117-138, 213 and 118 kJ/mo1, respectively. 
'\ 

From Equations 2.75 ~o 2.79 we see that the measured temperat~re 

dep~ndence will depend critically upon the relative importance oI the three 

_ terms. Althoukh not pointed out in the original paper (156), this can per-
I 

haps offer some means of rationalizing the widely different Q v~ue5 ~eported. 

A disad~anta~e of this t~e~tm+t, however, i5 that it does not ~onsider 
th~ exp,nsion caused br the formation,of oxide, which causes xl to increase 

faster than indicated. 

From Equations 2.80 to 2.83, Rosa was able ta obtain the relative 

proportions of oxygen in each ,phase. He foünd that at 950°C, more than ' 

65% of the oxygen was confined to the stabilization and grpwth of the oxide 
>" 

• 

i ' 

" 
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1 layer. In his experiments~ he found that the oxide layer/alpha p~ase 

thickness ratio decreased from about 0.1 to 0.05 after about 40 hours, 

and subsequent1y remained constant with time, in satisfactory agreement 

__ ,with his theoretical treatment. lIt should be added that in a later treat-

ment" Rosa considered the volume change,that takes place during oxide 
, 

formation, and arrived at essentially similar results. 

2.3.5 Effect of a n Pressure on the Oxidation Rate 

The effect of oxygen pressure on the oxidation kinetics of 
, 

zirconium has been observed to be negligible in the 1-760 to~ range 
1 

(141,143,154,151,158). This is to be expected if the transport of oxygen 

through the o~ide is achieved py defect migration in the lattice. The 
"-

,change in pr~ssure on1y changes the density of defects, thereby introducing 

a pressure component whicp was shown by Wagner to be proportional to pl/n, 

where 6 < ni < 8. 
-3 ~ 

However, below la torr. not only is the oxidation rate very 

sensitive to oxygen pressure, but the activation energy becomes pressure 

dependent as weIl (145). Su ch an effect May also be expected from the 
1 

assumed change in thè rnéchanisrn contro1ling oxidation at low p~~ssures. 

At low pressures"oxidatiorî proceeds first by the formation og;:: ~ chemi-
\, 

sorbed layer, and then by the formation of oxide'nuc~ei on the surface 

\ which later spreads to form a continuous film. Subsequent oxidation proceeds 

by thè thickening of the oxide'fi1m. 

t~kes place and May ,'~~mp1etelY impede 
• 0 

Diffusion of oxygen in the metal also 
'1 

oxide formation. Under such circum-

stances, it is understandable tha~the,particular conditions of temperature 
1'" 

1 

and pressure may favour different rate controlling mechanisms. An 'extreme 

case, perhaps, is that reported by Horz and Hammel (149~, where the oxida­

"tion rate is nearly temperature ind~pendent, and for which the rate 

-.. ~ .... $$ 
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\ 1 

" ,controlling mechan~as hypoth~sized to be the transport' of oxygen 

atoms to the surface of the solide 
> ( 0 2 

" In the transition pressu:r" range. whieh extends from 10· to 1 -
.. 

torr approximately, conflicting results have been reported eoneerning the 

eff~cts of pressure on the oxid~tion kinetics. A,marked pressure dependence on 

the oxidation rate has be~n found by some investigators (159), whereas other 

researchers ~o not observe any pressure' effects (145). This discrepancy 

has not yet been fuily resolv@tl. 

2.3.6 Effect ofl Alloying 

According to the s,:miconductor theory o~ oxidation (160), the 

introduction of fOl)eign ions of lower valence than zirconium should increase 

the rate of oxidation sines it leads to a higqer density of positively 

1 \ charged oxygen vacancies. By contrast, the presence of ions of higher 

valence than zirconium will decrease the oxidation rate 'by means'of the 
j 

opposite effect. This argument o~ course breaks down if a n~w oxide phase 

is form~d, or if ;he o"de film becomes blistered· or cracked as a result 

of the presence'of an alloying element. 
i) ",. 

i 
'Dat~Jon the effect of aUoying on the oxidation rate' are very 

Q ~ , 

scarce. The~ most fxtensive work is.""that of Porte et al (137)' who investi-, 

gated the effects of: twenty alloying elements on th~ oxidation kinetics{ 

, at 700
o

C. The ~bserved c,h,anges resulting from aUoying were elassified 
~ 'f 

into four groups, according to their behaiiour, as shown in Figure 2.7. 

Group 1 alloys oxidized according to tqe cubic rate law, and did not 
• 

" exbibit a breakaway. This group contai~s the largest number of alloying 
} 

elements. In Group 2. the alloying elements only promote change from a 
'8\, 

cubic to' a parabolic rate law/ but no breakaway is detected. Group 3 

1 
l, 

'. 
~ 

" 

. ' 
" ~, 
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j 

I;.OGARITHM 'T1ME , ARBITRARY U,wTS 

q 

• dxidation rate of zirconium all~ys\t' 1ÔOoC under 
a 290 torr oxygen pressure, after Porte et al (137). 

1 
l , \ 
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/ 

-
alloys oxidize first as Group l, t~e~ rsubsequéntly exhibit~d a breakaway 
~ ~.......v 

'J 

to linear oxidation rates. FinaIly, a transition to Iinear oxidation fr9m 

the parabolic rate law is observed in Group 4. Molybdenum in small con-
, 

")-:1, centr1\.tions (1%) do es not aff~ct the rate of oxygen pick-up, but from 2% 

) 

." 

t? at 1east 4% ~t cha~ges the alloy behaviour from Gr?up 1 to Group 3, 

int].toduc~ng a breakaway. Niobium appears, to have a more complex -effect 
o 

since at 1 and 4% the alloy is classified in Group 3, whereas for 2% it 
. 

'is f ound in Group 4. These results were confirmed by an independent 
/ J 

'0 investigation by (Je 4Gelas et al (161). 
r 

o 
In the conclusions of their work, Porte et al (137) stated that 

1 

those alloying elements which had appreciable solubility generally followed 
~,. ..' 

~ the behaVjiour predictsed by the semiconductor theo# of ox'idatiori" at lo~ 
, ~ 

solute concentration. They also showed that the ~ occurrence of break~way 

was usually related to the atomi-c radius. 
\ 

.It appe~rs that when the solute 

atomic radius differs by more than, 15'% from that of zirconium, breakaway 

" 
Wil1.'I~~cur. lt shouid be n'ottd, however, that the alloying elements which 

meet the above criterion but owhich have little solubility in zirconium 
\ 

display a behaviour which cannot be "rationalized by the Wagner-Hauffe theory. 

2.$.1 
'( ,;'1 1 

Oxidatiôn Behaviour, in the Zr-Mo and Zr-Nb Systems 

The oxidation ol Zr-Nb allOYs' in the ~-phase has been studied 
• 
~y Zmeskal and Brey (162). The oxi~tion rate at 900°C was determined 

, . 
under an oxygen pressure of 200 torr. lt was found tha t i t could not be 

'. 

~ '. repr!,sented by Equation 2.63 for ariy of the e~erimental compysitions. 
>' 

The slope n appeared to dècrease contiI\uous Iy with, tiIDe from about 3 to 
" v 

.~ 

about -1_ indicating a transition towards a linear ood~atiQn behaviour. 

, ," 

( 

, 1, 
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Pure zirconium was the least reactive species, the increase in weight 

being about 5 tilDes less than that of alloys having niobium contents 

ranging from 5 to 20%. The oxida't:ibn rate increased with niobium content up 
J 

, to about 10-20%, then decieased as the concentration went"""Up to about 30%.1 

For niobium contents up to 50%" the oxidation rate rémained constant then 

climbed rapidly as the niobium concentration was increased towards pure niobium. 
, 0 

Experiments conducted at 1090 e led to simdlar results~ except 
, ~ 

that the oxidation rate was higher, but appeare~ not to be very sensitive 1 
\ 

to temperature. The presence of a breakaway transition suggests that the 
.,., 

oxide scale is not likely to be single phase since the atomic, radius of 

Nb~ bein~ only 8% sma11er than that of Zr would not be expected to modif'y 

?-rast'ically the zirconium dioxide structure. 

The oxida,t),on behaviour of Zr-Mo a,lloys above 8000e has not -
(...1 

been det~ineèi. The r~activity of the alloy can to sorne extent be" pre-

dicted from the properties If>f the molybdenum oxides Mo02 and Mo03• Moly­

bdenum dioxide sublimates to sorne extent above 10000C without decomposition, 

1 the larger part reacting to give Mo03 and Mo. The oxide Mo03 sublimates 

~preciably above 650°C and evaporates above lOOOoe. The Mo-O phase 

diagram predicts the persistence of liquid phases down to 800
0

C. The 

oxidation resistance of Zr-Mo alloys is thus likely to be very poor, 
/ 

especially if the oxide layer becomes porous as the molybdenum ox~des 

evaporate • 

.. , 
2.4 EFFECTS OF GASEOUS ENVIRONMENT ON MECHANlcAL PROPERTIES 

The effects of gaseous env'ironments on the me~hanical properties 
, 

of metais and a1loys have been known for sorne time. The very l~rge variety 

of mater,iaIs, atmospheres and testing methods renders a classification of 
\ 

• 
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, ~ 

the effects produced difficult. However, two main categories may be .. 
distinguished. At elevated temperatures, the atmosphere usually produ~es 

a scale, whose deformation behaviour determines the modificationMof the 

strength EI'operties. At rOOlD temperature, on the other hand, no oxidation" 

or similar reaction norma11y occurs, but t~e surface absorption of gases 
, 

may cause sorne modification of the mechanical properties. The latter 

category is not relevant to the present review, but for comprehensive 
• i 

articles, the reader may refer to Kramer and Demers (163), Machlin (164) 1 

and Cook and Skelton (165). 

2.4.1 Effects of Atmospheres on High Temperature Properties 
i 

~ 

The effects of atmospheres on the high temperature properti~s 

reported in the hterat'ure concern mostly alloys desi~ed for high-temp,era-
\ ' 

,<) ture applications, under servièe conditions where creep or fatigue occurs. 

Rather than presenting a detailed report of the observed effects, a brief 
l 

1 accouÏ't ~f tYPiCfl observations" on creep and fatigue will be giv'en. 

2.4.1.1 Effects on creep 

The presence of air tends to increase the rupture life of nickel 

at high temperatures and low stresses, whilst a high vacuum environment 

produces the longest life at low temperatures and high stresses (166-168). 

The bridging of cracks by oxide partic1es seems to be the cause of the 

improvement of high temperature life in air. At low temperatures, no 

ready exPlanation is availab~e for the deter~oration of the rupture lif~ 
\ 1 

in air, but it may be associated with oxygeh absorption on the crack sur-

face, thereby reducing the surfaée energy, and enhancing its growth. 
~ 

Nickel-base al10ys such as lncone1 (168), Hastelloy C (169), lnconel X (170) 



! 

an<} Ni-20Cu alloys (171,172), behave similar1y:, to nickel in this respect. 

Austenitic steels are also ~ffected by the oxygen partial pres-
Il 

sure, but~he creep behaviour.under different conditions tEinnot easily be,' 
, 

rationalized (168,169,173). One of the ,reasons for the comp1exity of the 

effects observed may lie in the change in the oxide structure brought about 

" by a variation in oxygen pressure. The creep resistance of plain carbon 

steels is increased by trace impurities in an inert atmosphere (169). 

Furthermore, short time tests give longer rupture lives in 1. 2SCr-O. SMo 
. ! 

and 12er-IV stee1s ifiPair and in oxygen than for their counterparts in 

helium, nitrogen or vacuum (170). 

2.4.1.2 Effects on fat~gue 

At high temperatures, the' fatigu'e lives of Pb. Co-base alloy 

5 ~ and of Incone1 550 are ,best in vacuum, wor§t in oxygen and inter-. 
Mediate in air (174) • 

. ~ ~~~~~ \ 
A temperature decrease results in a convergence of 

• o.l!",., 

the enduranc~ 1imit obtained in various environments. A cross-over may 

ev en be obtained in sorne cases (175). As in creep, atmosphere effects 

arise primarily by affecti~g crack propagation. 

2.4.2 

r 1 
~ 

Mechanisms of Intera~tion of Surface Films \ 

The mDre fundamenta1 studies attempting~to explain' the affect 
l , 

of surface films on $trength have been aIl carried out at room temperature 
- ) 

and MOSt Iy on ~ingle cry~tals. ~fMost of these studies hj'Ve 9on'cerned ~the 
, ~ / 

influence of meta1lic films of various thicJaiê"~ses' on th itrength. A 
i 
few studies, however, have reported on the effects due to the presence 

of oxide films. 

/ 
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J 
In aIl cases, the eRSS is increased by the presence of a sur-

face film, the strengtheqing then persisting up ta over-20\ strain. 

Typically, an increase of 25% in the CRSS is brought about by a 1 ~m coating 
1 / 

(163). The extent of stage 1 is reduced in FCC metals but remains un-

changed in HCP metals (164) such a~ zinc, where the stress-strain curve , 

i5 dominated by easy glide: 

An estimation of the CRSS increase due to the l transfer of load 

"to the surface film has shown that the expected flow stress increment is 

mu~h lower than the observed one (176-179). In many cases, bhe strength 

of the film would have to be o:f the arder of the theoretical elastic limit, 
. , 

or even high~r, to match the observed effect 1(180,181). 

The interp.retation of the observed increase in flow stress that 

is generally agreed upon is that surface films constitute a barrier to the 

egress of dislocations. Brame and Evaqs (182) have shown that dislocation 
'" r , 

transfer from the metal to the film is,' impossible unless: i) the film ois 

epitaxial; ii) the lattice parameter of the film differs from ~hat of the 

substrate by less than 5\ (i.e. the accomodating dislocations are spa~ 

more than ,20b apart). 

These Fonditipns never prevail under normal conditions, and are 

excluded in the case of oxlde films in which the volume change (Pilling-
"" 
Bedworth ratio) is much larger than 5\. Hence, surface films are essentially 

impërvious to dislocations, and during deformation, dislocation pile-ups 

form at the film/substrate interface, until the shear stress evolved at 

~he head of the pile-up is sufficient to'shear the film. The pilerups 

,A. adjacent to the crack Une are then released, causing a spu~t of strain (183). 
c 

The increase in di~location density underneath the surface f~lm 

i5 not limited t~ short-range effects. Quantitative mèasurements of dis-
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location density on chromium-plated copper s~e crystals strained to· 

2.5%'have led t~ldensities double those" of'unplated crystals (184). This 

dislocation density increase was found to extend to depths over 1200 ti,mes 

thdt of the p lated layer. The shear stres s at 2.5% strain was raised from 

240 g/mm2 ta 380 g/mm2 . An important ~inding of th~se experiments was the 

recognition of the role of plastic constraint i,n film strengthening. The 

presence of a strengthening component after a few percent strain (i.e. 
1 

after the film had already cracked in sorne places) lndicated that a cracJced 

film could still prevent dislocation egress to a signifïcant extent, and 

that it would cease to act as a dislocation barrier only when the cracJc 

network is very dense. 

The surface films also blpck the dislocation lines ',nding in the 

surface, 'thereby creating singly-pinned Frank-Read sources, whose contri-
, 

bution to the odisl~c~tlon density increasce is added to that of the normal 
~t'1: '" 

sourc~s (185). A theoretical predicti,on of the magnitude of the flow 

stress .increase has not yet been achieved on this basis, in spite of the 

simplified situation in single crystals. -For polycrystals, the situation 

is much more complicated since tïrst1y, multiple slip operates from the 
, 1 

initiation of f;I.ow; secondly, pile-ups exist near the grain boundaries 

and not only at the surface; and, lastly, the number of sources is cer-
~ ~ 

tainly large in polycrystals. 

The behaviour of surface films at h~gh temperatures cannot be 

, simply extrapolated from that observed at room temperature. For one thing, 

the dislocation ,density increase during straining will be partly of~set 
\' 

by the operation of recovery mechanisms. Moreover, even i~ the oxides 

are still likely to be brittle, the metallic phases 'formed on the surface 

(such as the ~xygen-stabilized a-layer on the B-core .in zirconium) ,may be 
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very ductile and will simply deform "by s Hp. It can be seen that the 

description of the effect of a surface film on the strength at high 
, 

temperatures is extremely complex and that an adequate model is still 

lacking. 

o 1 

2.4.3 InternaI Oxidation 

InternaI oxidation i5 the process by which oxygen diffuses 

into an alloy and causes subsurface precipitation of the oxides of the 

alloying elements) This situation arises when the alloying elements are ' 

much less noble ]than the matrix. 
" 

2.4.3. l Th~rmodynamics 

The thermodynamic expression of the condition for internaI ox~-
1 

dation is derived from the equilibrium 

Me + vO( ~ MO 
(solute) solute) v (precipitate) 

(2.84 ) 

where " is, the' stoichiometric ratio of oxygen to metal atoms in _the oxide. 

If the free energy of oxide formation is 6G
T 

0 ' and assuming that the 
oxide 

surface energy ~nd lattice constraints of the oxide are negligible, then 

6G T 
°oxide) 

RT 
(2.85) 

where à Me and a 0 a~l' the acd.vi ties 'of the Metal solute and dissolved 
s s~ 

oxygen in the matrix. If the alloy is in equilibrium with- an oxygen 

pressure PO 1 it follows that the,equilibrium 
2 

/ 

\ 
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(2.86) 

1S achieved, that is 

" , 

, [pOz]l () , a 0 "'(2.87) 
s 

can then be Equation 2.2 rewritten 
1 

2t.G T 

[ Mer' °oxide) 
Po - a exp ( - (2.88) 

5 \lRT 2 ,,' 

Oxide precipitation will thus take place if Po is larger than. the ~qui- . 
Z 

librium value. From Equation 2.88, it can be seen that Po will depénd 

2 " to SOrne extent upon the activity of the metal in solution, but will be . 

nruch more sensitive to the oxide stability. For this reason we" see that 

oxide precipitation will be achieved in systems containing solutes such 

as Al, Si, Zr, in a matrix of Cu or ,Ee. 

2.4.3.2 Kinetics 

If an alloy susceptible to internaI oxidat10n 15 placed ln 
Il 

contact with-, an oxygen pressure larger than the equilibrium pressure, 
1 ~ , 

internaI oXidation will occur. The kinetics of the process ~ill be 
'1 . 

governed by the rate at which oxygen diffuses into the allor and thereby 
- 1 

precipitates the solute oxide. The matrlJ6c beit:tg depleted ih solute, a 

eounter diffusion of solute will take place. 

The mathematical analysis of the p~ocess carried out by Wagner 
, 

(186) predicts that the thickness ~ will vary according to the time law: 

, 1 

~ 

~ 
" 

,~ 

l 
El 

1 
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~ - , (2.89) 

where Do i5 the diffusion coefficient of oxygen in thè metal matrix and 

y is a constant cailed the parabolic- rate constant, which can be obtained 

from 

\ . 

2 ' y 0 
o 

exp (-0) 
o Me 

, Do l 
erfc(y(o) ) 

Me 

",/ 

In this equation, 

N S is the atom fraction of oxygen at the surface, o \ 

N S the atomic f'taction of solute in the alloy J'and 
~e 0 

,(2.90) 

0Me the diffusion coefficient of the metal in the a11oY'1 

Ig In the limiting case, where oxygen diffusion predominates, 

y -
N s l 

Q . (2.91) 

whereas when counterdiffusion i5 the mast important 

y - (2.92) 

Parabolic rates of internaI oxidation have_bèen o~served in copper-base 

alloys (187) and nickel-base a~loys (188), and support the predictions , 

of the theory. 

\ ' 
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2.4.3.3 Morphology 

The morphology of the oxüle depends on its stability at;ld upon ,.{ 
~ 

the diffusion rate, inasmuch as these affect the rates of nucleation and 

growth. Rhines (187) observed that the oxide particle size decreased 

with oxide free energy and increased with temperature a~d drpth -from the 
, 1 

surface. Classical nucleation theory easily explains these results quali-

tatj.vely. The higher the t::.G~T , the larger the number of nue lei , and-
oxide 

thus the number of particles. On the other hand, as the oxidation front 

"" moves proportionally to the square root of time, low supersaturation 

conditions leading to few nuclei and larg~particles will prevail at 

large distances from th~ surface. Raising the temperature increases the 

diffusion coefficients and decreases the oxide free energy~ The quantitative 

treatment of Bohm and Kahlweit (189) predicted that the particle diameter c> 

, 
will increase linear1y with depth. This has been observed to be in agree-

ment with results on Cu-Al alloys (189), but disagrees with results obtained 
1 

on other Cu al10ys (190). 

Depending' upon the' degree of coherency of the oxide and the 

anisotropy of the surface energy, the particle shape May vary wide1y. 
" , 

In copper-base alloys, 5i02 a~d Ti02 partic1es were found to be spherlcal; 

MgO tetrahedral (190,191); BeO triangu1ar (190).. When large precipitates, 
" 

are formed, the effect is even more marked and Widmanstatten patte~s have 

,b~en observed (192). Cycling in temperature\ or in partial pressure may 

resu1t in a periodic structure of oxides (193,19~). 

2.4.3.4 Strengthening 

() InternaI oxidation can lead to strengthening if the dispersion 

of the particles is very fine with a sufficiently close in~rparticle spacing. 

o •• 
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Typical particle sizes that are effective, in strengthenin,g are of the 

~rder of 50-l000t The particles constitute °obstacles to dislocat'ion 

72: 

glide which cannot be overcome by thermal activation. An Orowan meChaJlism 

may then operate, leading to a f~ow stress that is inversely proportional 
> , 

to the average interparticle spacing. Secondary slfip may éllso occur around 
~ " . 

the particles (195). lhe change in particle 4iameter with distance from 
e 

the surface limits the preparation of internally oxidized commercial alloys 
1 

to thin sections. Creep life has been found ~o increase by a factor of 10 

in Nb-l%W~l%Zr at 12000C following internaI oxidation (196). In nickel 

containing dispersed M Z?3' produced by powder rnetallurgy, the stress for 

lOO-hr rupture life was about 10 times higher than that of extruded niëkel 

powder (188). 

The temperature dependence of. the ,creep rate at ~constant stress 

or 'of the stress at constant strain rate is considerably l~wer than that 
() l ' , 

> of conventional alloys, particularly at high ternperatures. The strain 

rate sensitivity of Fhese materials is lower than that of alloys at hot 

working ternperatures. 

. , 

.' 

, , 
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CHAPTER 'i.3 

EXPERIMENTAL EQUIPMENT 
1 

a 3. l MECHANlCAL TEST,ING METIiODS 
,..,;.....-

.0 

73. 

Various ~ethods are used to obtain information on the mechanical 

Ob h' f 1 « h' h The advanta~g'e·s and 11'm1'ts of e aV10ur 0 meta s at 19 temperatures. 
C> 

each method have aIready been discussed by severa1 authors (197-::200). 

The mos,t, widely used types of test
l 
are torsion •. tension and compressiob, 

and these, will now be dtscussed briefly. 

Torsion testing allows large strains' ,tb be reached (several 

hundred true strain units) and permits constant strain rates td be achieved 
\10, 

'1 --A 

However, thé strain varies 
... 

simply by keep,ing the angular velocity constant. 
1 

from the center to the surface'of the torsion sample which means different 
,\ ~ # 

portions ~f the sample undergo'different strains. As a consequence, the 

torsion test does not permit the determina,tion of the initial flow stress_
1 '" • 1} 

Simil~rly, the strairi rate varies across the sample radius, which consti­

tutes another difficulty. 
~ 

The' tensile 'test is probably the- most accurate method of deter-

mining the initial flQW st»ess or yield. Furthermore, a constant true 
<:, 

" strain rate May be obtained during unifot.m elongation of the sample by 

causing the crosshead velocity to be proportional to the inst~ntaneous 

length of the sample. Unfortunately, uniform elongation is only maintained , 
~ 

at low strains (less th an 0.5) because of the onset of necking. The tensile , 

test cannot therefore be used for the determination of steady, state flow 

stresses. 
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)t,.. 
, '\ "ch" \.. Compression test1ng a 1eves more ot: a compromise. The deter-

. 
mination of initial stress, is 1 rela~ively easy, a constant strain rate can 

be achieved, and strains up tQ about 1 can be currently obtained. The 
"\. , 1 cr. 

l~i t imposed to-'.the strain arises from friction at the faces of the 

" li, 
c'ompression sample, l'eading tq .inhomogeneous flow, which in' Most cases 

'\ 1 

appearso as "barrelling" of the sample. 
1. 

.... --.J f. 

3.2 TESTING APPARAnJS 

, The equtU:ént available was basically a standard 100 kN Instron 

testing machine equipped for hot compression. This' m4chine was capablé , ., . .. '" 
,of,operating at a constant t'rUe st{ain rate, and was interfaced with a 

" , 
GE 4020 process control computer for test control and data acquisition 

• 

~oses. ,The following sections de~ribe 

\ _ 0 ~' ' , 

the equipment in more detai4.' 
'" 0 1 

3.2.1 'Hot Compression Testing 

'The compression traih' was design~d by LUton (4) and is -sho~ 

schemattcal1y ion ~igure 3.1.1 The upper compressJ,on anvil i5 made of a 

Udimet 700 bar ~ which is owater-cooled over half i ts length and is connectftd , 

directly to the mov.ing cros~ead of>the Instron machine. The lower anvil 

is made of the same material, ana is fixed to a stainiess ste,el base, which 
• l '" (> ~ 

is, in turn, l~cated on top ,of the lba~ ,celI. . The upper an1 tl1e lower 
• ,. 4 "'" • 

anvil faces are of alumina. The alumina inserts are in- the form of 
, 

truncateq cones which are held in pOSition 'on the anvil~ ends by means of, 

re~aining conical "nuts. The design of the lower ~anvil, a1:so features a 

quench device# whith consists of an ejection arm that is use"- t.o push the 

sample into a 'hole on the ~ide 'of the anvil. 
~ \ , , 

'I1re latter is. connected .to 

1 • a hollow anvil c.J)lumn, which leads to a w~ eT bath thrQügh a door in 'the 

/~ .. 

f ' 

f -

" 
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FIGURE 3.1 Cross-section of the hot compression train. 
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base. The temperature is measured by an Inconel sheathed êhromel-alumel 
• 

thermoco~ple placed close to the sample "and connected ta a 'lhemo .. Blectric 

,digital display me~er. 

The who!e testing train is enclosed in an lncanel tube. The test 

chamber is sealed by- means of ''0'' rings. ,The chamber and testing train 

are ,heated by means of a p,latinum-wound split furnace. The test chamber 

pendts tests' to be carried out iri a controlled atmo5phere,. or in a 'primary '~~ 
1 

vacuum. In order ta insert 'a sample, the Instron crosshead is raised, 

thus raising the furnace, the test chamber and the upper anvil", 'The sample 
1 

is then placed with tweezers on the lower anvil and the' crosshead lowered 
, , 

again unU! the test chamber is closed. 

3.2.2 Temperature Control 
, , 

The heating unit consists of a plat inum-wound , three-zone split 

furnace, with ,a maximum power rating of 7.8 kVA. Control is achieved by 

lJleans of a Leeds-Northrop Electromax II current-proportioning temperature 

controller, which drives three independent SCR power controllers. Control 

of the temperat~re during Il test is kept to within :l:30 C of the desired , , 

temperàture by this means. A d'iagraÙl of the t,emperature control system' " 

is given in Figure 3.2. 

3.2.3 . Atmosphere Control 

'l1le standard atmosphere ~onsists of high purity argon'" f which 

is passed through drying columns in order ta elimin'ate maisture. The gas 

* Supplfed by Liquid Air of Canada Ltd., with the following impurities: 
02 - 10, ppm; N2 - 23 ppm; H2 - 2 ppm;, CO2 - 0.5 ppm; H20 - 5 ppm; and 
hydroc;arbons > 0.5 ppm. 

" i 
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, FIGURE 3.2 Schematic diagram of the furnace control circuit. 
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15 kept flowing at a rate of about 30 cm,3/min and is allowed to escape to 
~ -

atlDOsphere through an oil trap. The gas pressure in t~e chamber is always 
\ 

kept sl,ightly greater than the optside pressure So as to prevent back dif­

fusion of air through the seals and small leaks. This atmosphere has 
1 

proved to be satisfactory for: the test.thg of Most materials (copper and . , 

its alloys, carbon steels, HSLA steels" p~re zirconium), but was found to 

be insufficientIy pure for zirconium-molybdenum alloys (Chapter 5).. Some 

possible causes ~f the presencè of oxygen in the chamber are: back dif-

fusion through the "0" ring seals, desorption of gases from the tooling, 

decomposition of oxides formed on the tooling and in the chamber (chiefly 
. l , 

nickel oxide), and decomposition of some glasses (such as those containing 

PbO) • 

The best method f"~f solving this environment problem is, of 
" 

course, to have a testing sy~tem in wtd,ch the chamber can be eva'cuated 
'" -6 ' down to 10 torr or less. However, the presen~ system co~ld not be 

adapted to such standaj~s without .extensive modific~tion and redesign. 

The first improvement in the atmosphere was achieved by removing the 

"remaining oxygen in the incoming high purity argon. This Mas done by 

flowing the argon over a bed of zirconium chips placed.in a siliea tube 

and h~ated up to about 9000 C. This p~ocedure, however, was felt to be .. ~ 
insufficient, since minute amounts of oxygen released in the chamber can 

produce a significant oxygen concentration increase over the sample surface, 
-:1 , 

as its volume is very s!Jl8ll -cofupllred to that of the chamber. 

Conse~ùently, for t.b;e: tests that were carried out! under the 
l ' 

highest purity atmosphere, a thin-walled zircaloy tube of about 6 cm in 
1 

diameter and IS cm in heigh.~. was placed around the upper anvÜ. This tube 

had th~ function of abso~bing Most of the-oxygen that was left in\the 

1 
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< testing chamber, 50 that very little ,could be picked up by t~e saOte. 

The surface ares of t'he tube was ab~uf 500 cm2 
J which was about 5/0 times 

that of the sample. In this way, the mcygen pick-up of the sample could 

be reduced to 1\ of its previous value, assuming oxygen pick-up per unit 

area to be identical for t~e tube, and the sample. This get;tering system 

proved to be very effective. A diagram of the vacuum 

shown in Figure 3.3. For the tests carried out under 

" 
and gas sysiem is 
. • t:.. 

the highest purity 

ajgon the sample ·was al'Ways, insert~d in the chamber ,while the latter was 

at room temperature. 
1 

3.3 STRAIN RATE CONTROL 

The flow stress of metais at high temperatures is very sensitive 

ta strain rate. However, a constant deformat ion rate (i. e. dh/dt) does 

not produce a constant true strain rat~. In the case of compression, a 

coitstant deformation ratJ~ causes the true s'train rate to increase continu-

ously during the test. The true strain rate is defined as E: - dh/hdt where 
" ' 

h.js the height ·of the sample at any instant. The true strain rate can 

therefore be kept constant by causing the deformation velocity to be pro­

portional to the instantaneous sample height. 

The Instron machine was equipped with a constant strain rate 

apparatus (CSRA) designed and built at McGill br Luton, Immarigeon and 

,r Jonas (201), which opera tes in conjunction with an In~tron variable speed 

unit.' In the variable speed unit, the cro5shead speed is proportional to 
, ' 

the angular position of a 10 turn potenti'ometer •• The CSRA converts the 

linear displacement of a probe following the crosshead position into an 
\ , ' 

angular motion imparted to a potentiometer replacing that of the variable 
. 

speed unit. A speed decrease Pfoport,ional to the crosshead displacement 1 

.' 

\ ' 

/ 
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is thus achieved. By means of conditioning circuits and mechanical 

, 'adjustments, a variation of crosshead speed from the nominal strain' rate 

to zero can be achieved by moving the crosshead from the point where the 

ram first touches the sample' to the contact point with the lower anvil. 
1 

A sche~tic view of the CSRA is shown in Figure 3.4. The performance of 

the CSRA is very good, as far as keeping t~e crosshead velocity proportional 

to the sàmple height i5 concerned, assuming perfectly stiff anvils. However, 

the deflection of the anvil5 during the initial loading part of the stress-

strain curve leads to the specimen strain rate differing from the nominal 

one by as much as 20%. Nevertheless, at low strain rates and high tempera­

" tures, the error drops to less than 1%. A more detailed discussion of the 

system is available elsewhere' (202). 

3.4 COMPUTER MONITORING AND AUTOMATIC DATA ACQUISITION 
i 

To obtain true stress-strain curves from the load-displacement 

curves on a paper chart is tedious work. It consists' of reading from the 
\ 

chart a large number of data pairs, one for load and one for displacement, 

and then punching them ante data cards, in order to get eventually a plot 

of the true stress-true strain curve with the aid of a suitable computer 

f program. In the present experiments, fortunate Iy, such a problem was 

avoided because the Instron was interfaced with a remote Canadian General 
1 

E1ectric 4020 process control computer. " The computer 1s used ta perform 

two types of duties: ~ontrol of the test and monitoring and acquisition 

of the load and displacement data. 

3.4.1 Test Control 

Computer control of the Instron test machine is achieved by 
\ 

1 

means of a relay interface'unit resident in the Instron and ~he Multipl~ 



, . 

1 

o 

;/ r~ ___ ~ .. _~_ .. _ ... __ v_. __ . 
, 

Output Controller (MOC) of the GE 4020. The control functions of the 

Instron, such as UP, DOWN, STOP, and RETURN are produced by the coded 

positions of three switches in the MOC.' This code is interpreted by 

83. -

the interface unit which then causes the Instron ta perfoFm the desired 

function. 

3.4.2 Test Monitoring 

If, for example, the DOWN mode is required on the Instron, the 
\ 

main program generates the proper OUT command at the MOC (Multiple Output 

Controller). This activates the SV TIL (Transistor to Transistor Logie), 

which in turn transmits the excitation voltage t'équired to switch on the 

desired mode. For a continuous test at a constant true ,strain rate ~ the 

computer program send9 the-DOWN command to initiate the test, and when the 

test is completed (that i5, after the time to produce a given strain has 
- ~ 

elapsed), sends a STOP command, followed by UP, S1=OP and eventually NORMAL, 

which restores the machine ta manual operation . 

. . / . ' 

3.4,.3 Data Acquisition 

The original 100 kN Instron load celI was of tao la-rge cap~c;:ity 

for the present experi.ments. We used instead a 2S kN Lebow laad cell*, 
\ 

whose output signal was amplified 100 times by a ~onditioning circuit. 

111e disp1acement was measured by a Direct Current DisplaceÇlent Tra;nsducer 

(DCOT) manufactured by the Hewlett-Pac1card Co. Ltd., and which gives a DC 

------1 
* " Manufactured br Lebow AS50ciates Ltd., Troy, Michigan. Sensitivity 

2 mY/Vexe at rated capacity, linearity 0.2% full range, repeatability 
0.05% of eapacity. 

1 
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output signal that does nct require further amplification. The readings 

of these signaIs were taken via a JlI1lltiplexed analog-to-digital converting 
" ,1 ' 

'system. Th-is consisted of /a VIDAR 610 low levei scanner, whose purpose 
1\.. 

was to select the proper channel to be reàd, followed by a VIDAR 521 

integriting digital voltmeter. The two signaIs (load and displacement) 

cannot be scanned simultaneously with such an arrangement, and so scanning , 

must be effected sequentially. Jhe time la~ involved between the two scans 

WBS 1.66 ms in the present case. This was considered ta be of no effect t 

for practical purposes, si~ce the ,error involved was negl~gible compared 

}:o the uncertainty in the load and displncement. 
'=" 

The main program obtained load and displacement readings ~ith 
\ 

the scanning system in the following way. A s'canning instruction generated 

an OOT command at the MOC, (scanning group). A TIL 'logic circuit a,ctivated 

the low level scanner which identified the channel ta' be ~ead (250 for load), 
" 

the nature of the signal (3, for voltage) and its magnitude (say 1000 mV), 

according to the instruction. The signal was. then fed into the digital' 
\ 

voltmeter, and an IN command transferred the signal value into core memory. 

Figure 3.5 shows a black diagram iflustrating the test monitoring and data 

acquisition system. Figure 3.6 shows a drawing of the load conditioning 

circuit. The gai~ of the load amplifier was adjusted to 100 with an 
1 

external resistor, and the Cal button, placing a resistor/on one of the 
, 

arms of the load, cell bridge, \ was used ta check the overall calibration. 

3.5 DATA RETRIEVAL ! 
The conversion of the data into stress-strain curves was achieved 

> 

br means of a plotting program. This program, designed by Luton t took the 
/ 

load and displac~ment values into core memoTYt then co~verted them into 
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loads and, displacements, the latter being corrected for the elastic dis­

tortion of thé anvil's. The load" and d~splacement values were then tumed 

into stress"strain data .and plotted by means of a ,digital p~otter. Th~ 

pldtting pro gram also offered an expanded plot of the first 0.10 strain . . 
which lallowed precise determination of the yield values. 

1 1 

The da ta in ,the 
, . 

core memory were transfer~ed onto a 1/2 inrh magnetié tape*, on which they 

were kept· for further use su ch as later plotting on a normalized scale. 

1 \ 

3.6 ERRORs AFFECTING !nfe STRESS AND STRAIN VAWES, 

3.6.1 Errors Associated with the Te~ting Apparatus • 

The strain e is lobtaine~ through t~e relation 

h 
t - ln ~ 

h 
(3.1) 

where h is the initial height of the sample and h the instantaneous height. o ~ 

An .error in strain can arise because of the uncertainty in h. The error 

in strain can, in tum, affect that of the stress ,a calculated 

from the relation 

a - i - t- exp(e) 
o 

'.c:S. 2) 

d IA h"··· where L is t~e loa S> 0 t e lnlt181 cross 'section of the sample and A its 

"instantaneous" cross section. 

1 11 

-p , 

* j WP storage tape " 

/ 
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" 
~ " 3'.6.1.1 Error in the deternil.nation of the strain 

The first error invo1ved in this ealculation is simp1y assoei-
1 

\ 

ated with the accuracy and sensitivity of the displacèment transdQcer. 

'The unit used was a Hewlett-Packard model 7DCDT-SOO, which is a linear 
, 

displ~cenient trànsformer having a non-linearity less than 0.5% of the 

total stroke (0.5") and an electriéal outuut of 3.3 Volts full-scale. ).... \ . 
The non-linearity may therefore introduce a systematic dis~laeement error 

of the order of 50 )..lm at the most. It 15 the 'sensitivity of the digital 
1. 

voltmèter that in theory 11mits resolution 
1 

~ 

of the displacement. In 
/~""" 

practice, however, owing to some noiseYand 
; V 

some drift, it was found that 

displacements of less than 25 ~m êould not be dete~ined reliably. 
i " 

,&e second error arises from the way the height of the sample 
\' .:: -

is calculated. The plotting program tak~s as the start of the deformation 

the displacement for which the load is 1% of the maximum load. Calculation 

of the sample height then involves ~ubtracting from the output volta~e at 
1 :/ 

a given time t thâ): at the onset of ,~fôrmiit--iQth._~nd multiplying this dif­
\. 

ferenee by the calibration factor. In this way the ~or n is twice that of 

" any particular"displaeement reading' and is about 50 \Jm. At large \ strains, 
1 

when the .displacement exceeds 5 IIDII, the error in the strain is very smal1; 

however, at low strains 

\ . 
'3 (3.3) 

and thus âe ~ 4xlO·3• The absolute error is thus not very signifieant, 

even at low strains. 

~ 

. .. \ \ 
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, , 
3.6.1.2 Error in the rletermination of the stress 

This error has two components, one which arises from the load 

ce11 itse1f and another that cornes from the error in the strain. The 
-load cell that was used' has a capacity of 25 kN and has a non-linearity 

of less than 0 .. 5% of full scale. The sen~i,tivity is 2 mV IV exc,itation at 

,r.fted capacity. In the present application, the non-linearity cou1d be 
, \ ' 

as high as 125 N and the sensitivity J for a 17 V excitation voltage and 

'after, an amplification of 100', 0.14 mV IN. 

The reso1ution is, in theory, that of the voltmeter which was 

0.1 mV on a 100 mV scale or l mVon a 1000 mV scale, and should lead to 

, \ 

a resolution of 1 N and 10 N, respectively. Practically, however, t~ere " 

was some noise pick-up on the signal line as weIl as sorne drift in the 
\ 

output, which raised the effective ~inimum measurable laad to about 30 N. 

In terms' or stress, this value corresponds to a stress of about 0\.5 ~/m2 
whe~,a sa~le of circular cross-section having a diameter of 8.6 mm is 

" 

tested. 
\ 

The error in stra1n affects the stress through the correction 
1 

for the c;oss-section area (Equation 3.2) and a~ a consequende, 

Aa - - dh 
h 

(3.4) 

Thus, th~ value of the relative error in stress varies from 0.4\ at,the 

onset of deformation to 0.8% at 0.7 strain. 

3.6.1.3 Error in the strain rate ' 

<=> The true strain rate device which was used to achieve a constant 

true strain rate constituted a fairly stable and reliable piece of equipment 

~ 
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and fts calibration w~s checked regularly. The calibration ft\elf can 
<J 

be done only when the sample height,is being measured. so that the posi-

tion of tlle upper 'ànvil with respect 'to the sample top 1s known. This 

was done by bringing the anvils in contact, the contact being detected 

br a load increase. Prior to the sample/insertion. a reading was taken 
\ 

of the linear transducer voltage V .' In order to determine the position 
o 

1 

of the upper anvil once the sample was in~erted, only a reading of the 
. ~ 

voltage VI of the dlsplacement transducer was necess~ry. as the gap G 

betw~en the top of the sampl~ and the upper anvil could then be obtained 

from: 

(3.S) 

.. 
1 

wherelDca~ is the DCDT conversion factor fro~ volts to mm. 

The error involvediin calculating G WBS essentially that of 

estimating the contact between the anvils. which was about ±250 ~m. The 

true strain rate, ;, determined from.~ _~~S where CHS is the nominal 
c. 0 

crosshead speed, wasIDodified br the-error in G in that the calibration 

was effected as if the sample was niot of a height h , but ho+ llG. Thus, 
, 0 

Ai. Il. AG _ 0-

'" h 1.8'11 
ê 0 

(3.6) 

The error in the strain rate affected in turn the stress through the rate 

, , , ~n al d k' 14 SenSltlV1t ~ ta mg n _ • 

é!!.. - 0.4\ o 
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3.6.2 Errors Involving the Samp1e Geometry 

3.6.2.1 Effect of 1ubrication 

91. 

Sorne tests were carried out on crystal bar zirconium at 1000oC, 

at a strain rate of 1.5xlO·3s- l in order to investigate the effect of 

glass lubricant viscosity on the mechanical properties. The samples were 

placed in the hot chamber preheated for 1/2 hour at lOOOoC and tested 
\ 

under a dynamic high purity argon atmosphere. The glasses used were those 

manufactured by Corning Glass Ltd. and glasses of various viscosities", is 

weIl a~ mixtures of glasses were tried out. The stress-strain curves 

obtained in this wayare shown in Figure 3.7. The numbers are arranged 
il 

in order of decreasi~g viscosity; and the glass numbers refer to those 

in Figure 4.6. 

The curves show that there is no systematic variation of apparent 

f10w stress with_ glass viscosity in the range investigated, whether one 

~ considers yield stress, steady state stress, or any other stress. Repeats 

were done on glasses #7050 and #0010. The scatter in the~~tress values 

- ~der nomina11y identical testing conditions was about 0.5 MN/m2, and 
, 

appeared to be higher than any viscosity effect. Sample deformation was 

least homogeneous for the most viscous glass (#1720), and for a very fluid 

glass (#9776) which was tried out as weIl. It was noted in a few cases 

that to\\'ards the end of the deformation, the stress increased markedly. 

This can be attributed to the breakdown of ~he glass 1ubricant film. The 

results of Figure 3.7 thus indicate that, even if the material flows in 

jan inhomogeneous manner, the mechanica1 properties as measured are not \ 

significantly altered. At 1000oC, it appears that glass #0010 is the best 

one, with a viscosity of 10,000 poises. , , 

) 
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3.6.2.2 Effect of groove geometry 

93. 

The groove geometry was patterned after that of Luton (4), who 

showed that for the hot compression of cy1indrica1 samp1es, a t~apezoidal 

groove.section gave the best results. 

3.6.2.3 Effect of anvi1 hardness 

Under idea1 testing conditions, the anvil surface is peTfectly 

ha1'd. 'In ea1'1y ~tests, whe1'e ce1'amic inserts were not used, but Udimet 

supera110y constituted the anvil surface, imprints of the sample could 

sometimes be detected on ,the anvil after defor~tion. This resu1ted in' 

poor flow of the sample and a slight error in the displacement values. 

As soon as this prob1em was recognized, a ceramic insert was mounted o~ , / 

the anvils and completely suppressed this effect. 

3.6-.3 Error Bars 
, 

In summary, the errors due to instrumentation lead ,to the fol~ 

lowing uncertainties 

)'-

â€ - 4x10·
3 

âa - -0.5 MN/m2 o.~ to 1.2%, consisting of the fo11owing ~ 
1 

three components: first an abso1ute component aris'ing from the resolution 

of the load ceU • âa ::1 0.5 MN/m2; second, a relative component derived from 
j 

the strain error . ba/a - 0.4% at 10w strains to 0.8\ at high strains; and 

third, a component arising from the strain rate error - 6a/o - 0.4%. The 
• 

relative error in the stress values thus hardly exceeds 1%. On the other 

hand, Figure 3.7 shows that the repetition of-a test unde1' similar conditions 

\ 
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! ' 
of temperature, strain rate, lubrication. and preheat yields an uncertainty , 
of about 0.8 MN/m2, Le. somewhat in ~xcess of that predicted by the calcu-

lated error bars, suggesting that specimen inhomogeneities are also involyed. 

A check of the repeatability and accuracy of the overall testing 

eqUipment and procedure was carried out,by testing several samples of 304 

stainless steel under similar conditions. Thi~ material is very resistant 

to oxidation and has a.'mechanical behaviour known and characteristic of 

t ' 

1 

/2 
found to be around 100 ± 2 t.1N/m , 

-' 
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\ 
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CHAPTER 4 \ \ 

EXPERIMENTAL MATERIALS AND PROCEDURES 

4.1 ,EXPERIMENTAL MATERIALS 
;,f 

4.1~1 Crystal Bar Zirconium 

95. 

Crystal bar zirconium, supplied by Atomic Energy of Canada Ltd.; 

was manufactured by the Wah Chang Corp., Albany, Oregon. The metal was 

r "supp1ied in the form of 1S mm square bars about 3S cm long, eut from a 
_.... , 

worked ingot. The chemical analysis of the as-received material 1s given 

in Table 4.1. 

4~1.2 Zirconium-Molybdenum Alloys 

These alloys were supplied by Atomic Energy of Canada Ltd., and 

manufactured by Westinghouse Canada Ltd. Bach composition was prepared 

in ~2 Kg buttons, which were twice arc-melted under vacuum sa as to insure 

a satisfactory homogeneity.· In spite of these precautions, however, some 
, 1 

composition inhomogeneities were sti~l present, but were somewhat reduced 

in the forming process. The buttons were hot swaged te 9.5 mm bars in 

abou~ 10 passes, after having been clad, with copper to minimize oxidation 
. . 

during the process. The compositions and oxygen analyses are given in 
1 

Table 4.2. The oxygeq concentration i5 quite low, but there is a consider-

able spread in the molybdenum content. 

4.1.3 Zirconium-Niobi~ Allbys 1 

The zirconium-niobium/tlloys were made by the Wah Chang Corp., 

Albany, Oregon. ~e 2.S%-Nb'âlloy was part of their standard stock, whereas 
i the high Nb alloys we\e specially made "in 100 lb ingots. 

.1 , ' 

'" "'. 



"'~"'\IS''''". 

! 

1 ~": 

(0 
,-

'. 
<J,' 

•• 8 

TABLE 4.1 

~ 

Chemical Analysis of the Crystal Bar Zirconium 
i 

Element' 

Al 
B 
C 
Cd 
Co 

Cr 
Cu 
Fe 
H 
Hf 

0. __ 

Mg 
Mn 
N 
Ni 
a 
, 
Pb 
Si 
Sn 
Ti 
U 

w 

------~ 

.1 

Impurity Analysis (ppm) 

< 2S 
< 0.2 

50 
< 0.3 
< 5 

42 
< 2S 

376 
9 

135 

\< 5 
< 10 

34 
32 

160 

< 5 
c < 40 

10 
< 20 
< 0.5 

75 

96. 
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TABLE 4.2 Chemical Analysis of the Z1rconium-Molybdenum Alloys 
\ 

Element 

Mo 

0 

N 

Al 

B 

Ca - 1 

Ccl 

Co 

Cr 

Fe 

Hf 
Mg 

Mn 

Nb 

Ni 
~ 

Pb· 

Si 

Sn 

Ta 

Ti 

V 

Nominal Molybdenum Concentration 
1 

1.9 

.1.9 '- 3.S 

4 
(weight %) 

3.64 - 4.10 

Impurity Analysie (ppm) 

1210 1290 

38 60 

8 20 

<0.2 <0.2 

<20 <20 

0.25 0.25 

20 20 

50 
\ 

50 

100 
, 

120 

50' 100 

<10 <10 , 

,15 lS 

~10 <10 

<10 <10 

< 5 < 5 

1. 20 30 1 

5' 5 

80 100 

<10 15 
.... 

< 5 < 5: 

.<;> 
Il' 

-? , 
f 

\ 

6 

5.6 - 6.11 

1165 

40 

20 

<0.2 

<20 

0.2S 

20 

50 

100 

80 

<10 

10' 

<10 

<10 

< 5 

30 

5 

80 

<10 

< 5 

• f , \ l' ~~/!.0i~5!.:'I,j,7:J.,;i,J!t~~Jm:\l~_! SUlA l iii 
, 

/ 

" 

-'f 

", 

, , 

' l 

1 

,; 

t .', 
". 

,i-:4'< 
~, 

,-, 
,,' 

~~, 

JA~~ 

' ' 
,...,I.~, 
" 

" !.>'" , 
0" 

"if ,,' ,. , 
""': .. ' , .. " 

" " ' 
1 h, 

;1' ': 



) 

1\ 

o 

.' \ ' .. 

1 
98. 

The detailed chemical analyses of the Nb alloys are given in 

Table 4.3. The compositions appear to be c1os~ to the 2.5, 10, 15 and 

20% Nb specified and do not vary very significantly over the ingot. Apart 

from the fairly high' oxygen content, the a110ys seem to be reasonably 

satisfactory as far as impurities are concerned. \ 

The ingots were formed into 9.5 mm cy1in~rical rods by hot 

extrusion and swaging. 

4.2 SPECIMEN PREPARATION 

The compression samples were cylinders machined on a lathe fram 

the as-received bars. The end faces were grooved ta promote proper lubri-

cation of the contact surfaces. 

The sample geometry is given in Figure 4.1. The height of the 

samples, 13.8 mm, was chosen as being the best height for optimal perfor-

mance of the constant true strain rate apparatus. The diameter of the 
li 

sample was chosen to be 2/3" of the sample height, on the hasis of successful 

experiments by Uvira (l1) and Luton ,(4,17). 

The chaice of flat-battomed grooves was based on the results of 

Luton (4,17) who obtained the best lubrication for this particular sample 

geometry. The grooves w~re machined with a thread chaser which had had 1. 
1 

16 ~m ground off the tips of the teeth. 

4.3 SPECIMEN PLATING 

In the experiments carried out on ,the Zr-Mo alloys, it was found 
~/--" 

(Sect~n 5.1) thà~,residual oxygen ~ the, atmosphere affected the mechanieal 

'''---~~r properties. Specimen plating o~.~~~ one method of assessing the environ-

ment effeets and of reducing environment interactions. Two types of pro-
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o TABLE 4.3 

Chemica1 Ana1ysis of the Zirconium-Niobium Allays 

Element Allo~ Anal~sis ~weisht ~l 

Nb 2.S 10.3 15.1 19.6 

I~urit~ Analrsis (EEml 

Al < 20 < 3S < 3S < 3S 
B < 0.2 < 0.25 < 0.25 < 0.25 
C 110 ' 100 90 80, \ 

Cd < 0.2 < 0.2S < 0.25 < 1 0.25 
Co < 10 < 10 < la < 10 

Cr 58\ 103 95 < 80 
Cu < 20 12 18 17 
Fe 420 668 707 398 
H 10 13 18 18 
Hf 105 < 80 < 80 < 80 

'\ Mg < 10 < 20 < 20 < 20 \, 
Mn < 20 < 25 < 2S < 25 
Mo < 2S < 2S < 25 
N 45 \13 18 18 
Ni < 35 < 3i < 35 < 35 

0 1060 • 1 1330 1580 1370 
Pb < 20 < 50 < 50 < 50 
Si < 30 71 < 60 18 
Sn < 25 < 2b < 20 < 20 

j Ta < 200 < 200 < 200 
\ 

Ti < 20 < 2S < 25 < 25 
U < 1 < 0.$ 1 < 0.5 < 0.5 

• .V < 20 < 2S ~ < 25 < ,25 
1'1 < 50 < 2S < 25 < 25 

. 
>.,.. 

o 
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b) GROOVE OESIGN 
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-FIGURE 4.1 Drawing of the sample showing dimensions 

1 and 1ubrication grooves geom,try. 
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tective coating were tried; these were copper plating and chromium plating. 

Copper plating could be used for testing below 900QC on zirconium. The 

upper limit of temperature arises because of the existence of a liquid' 

phase in the binary Cu-Z~ phase dia gram. Such a liquid phase is ta be 

avoided since diffû',sion can occur ord!3rs of magnitude faster in a liquid 

phase than in the solid state, and as a consequence no protection is 

ensured by the coating. 'For higher temperature tes?;, however, ehromi~m-' 

eould be safely used up to 1370oC, at which a liquid phase is fOI'DIed. The ", 

thickness of the coatings was kept below the thickness/ that would contri-

bute 1\ ,to the ~ximum load, assuming simple load sharing between the 

coating and the ~ample. The plating thickness e was estimated from the 

increase in ~eight Am of the sample, through the ,relation: 

e -
• p (2,,'d h + ~d 2) 

o 0 0 

(4.1) 

, ' 

where p is the density of the deposited metal and do and ho are the diflIIeter 

and height of the sample, respectively. Thepabove equation neglects the 

surface area variation introduced by the groove~ present at the ends of 

the sample. No check was c~ied'out ~o assess uneven coating thickness , ..... J 1 -

or coating porosity other than low magnification microscopie examination. 

The latter defect w~s considered to be likely to occur in the chromium prate. 

Copper plating was achieved in a solution of the fol~owing 

composition: 

, copper sulfate: 

suifuric aeid: 

chloride 

75 g/l 

187.5 g/l 

- (typicallY HCl):' ,11 ·50 ppm 

("'10\ volume) 
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, 
and 'a brightener. Lea-Ronal Copper Gléam PC·: 1. 2\ by volume 

The other platin~ condit~ons were: 

tempera ture : 

agitation: moderato 

current density: 

anode: OHFC copper 

filtration: \ intermittent 

These plating conditions yielded a véry bright and ductile deposit. The 
1 \ 

deposition rates were very high, typically of the o~er of 7 llm per minute. 

Chromium plating was achieved with a cODDJIercial solution known 

as SPS SIS SELECTRONt 1 which had a good throwing power and yielded the 
"" 

best results. The solution' was used under the fôllowing conditions: 

tempera ture : 

agitation: the sample was rotated slowly during 

the process to get a more uniform platinI 
" 

current density: 20.0 mA/cm2 

The computed thicknesses deposited in this way never exceêded 1·2 ~m. 
1 

The surface:finish remained dul!, indicating rather uneven dèposition. . ~ . 
(, 

However, these coatings proved to be reasonably effective in minimizing 
c 

oJQ.,datibn (see Figure 5.13 below). 

A iast tyPe of èoating used] on the Zr-Nb alloys. was =l'llDl1 gold. 

This plating was ·~arried out by Electro-Loh Plating Comvany, and yielded : 

a bright shiny fini~h. 

~ * Manufactured by Lea-Ronal, Inc., 272 Buffalo Avenue, N. Y. 11520 (U.S.A.). 
t Manufactured by SELBCTRONS'LTD., 116 East l6th Street, N.Y. (U.S.A.). 
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4.4 HIGH TEMPERAnJRE LUBRlCANTS 

Lubrication must be provided during compression testing in 

order to suppress or minimize the inhomogeneous flow that results from 

the friction oetween the anvils and the specimen end surfaces. Powdered 

glass lubricants have been successfully used for this purpose (4,1'0). 

The optimum flow conditions are met when the g.lass 1s Inot too 

fluid, thereby being retained in the sample grooves. On the qther hand,' 

it must not be too viscous in order ta be able to flow properly. This 

ideal viscosity lies ~round 104 poises (203) but it does not, as seen in 
1 

Section 3.6.2.1, prove to be a very sensitive parameter. 

The glasses employed for lubrication were manufactured by 

Corning Glass Ltd. and were supplied in a -325 mesh powder. Figure 4.2 

gives the manufacturér' 5 data on the viscosity of the various g1asses as 

ai function of temperature. 

The powdered g~asses were placed in" suspension in acetone, and 

the mi~ture was applied"to the specimen ends with a brush. ' Care was taken 

to avoid the paintiJlg of any glass on the specime~ sides. 

4.5 TESTING PROCEDURE 

, Prior to a series of tests, the testing chamber Was heated up 

to the desired temperature. The anvils were th en manually brought to 

contact, t( contact poinF being deternined by the increà.e ~f the load 

~ignal to a va[ue corresponding to about 50 lbs. The linear displacement 

transducer output V 0 was then read by the digital voltmeter and stored, 
1 

uSing a specia~computer program. 

o At this poi.l1t the sample was \ rea~y ~o be plac~d anto the lower" 

anvil. This was done by raising the crosshead, thereby lifting the upper 
. 1 

, , , 

< 
" 
\ 
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FIGURE 4.2 Plot of Viscosity versus tempe~ature. for variousCorning Glass lubrication glasses. 
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anvil, 'the chamber enclosure sheath and the furnace. Aft~r the sample, 

havingr been lùbricated at both ends, had been placed in position with 

tweezers, the crosshead was lowered. As soon as the chamber was closed, 

the chamber was evacuated by means of a vacuum pump, then high purity 

argon was flushed into the chamber. The pump down-flush sequence w~s 
repeated three times to insure that no air was left in the testing chamber. 

When the chamber had again reached the set temperature, the 

calibration adjustments were carried out, and the test parameters \I{ere 

entered into the computer in a conversational mode, through a teletype. 

The ca'libration of the constant strain rate device was done onc~ the gap 

G between the upper anvil and the sample was determined by the computer. 

,The test program calculated this quantity afte~ the computer hàd converted 

the linear transduèer output V by means of the relation 

" 
l,' 

In addition, the program displayed pertinent data such as test duration, 

maximum crosshead traveI, and the number of data points determined. Wh en 

calibration was completed, the compression test was initiated simply by 

pressing the break button on the teletrpe. The test was then started and 
........ 

performed automatically. At the end of the test, when the load was 

removed. the sample was manually quenched into a water bath by'actuating 

the quench lever arm. 

III • 
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CHAPTER 5 1 

EXPERIMENTAL RESULTS 

This chapter describes, in a first part, the experimental results 

obt,ained on the zirconium-molybdenum alloys. The second part is devoted 
1 

only ta the behaviour of zircanium-2.S% niobium, since the mechanical 

response of this alloy differs markedly from that of the higher niobium 

alloys. The latter results are presented in a thi~d part. 

5.1 ZIRCONIUM-MOLYBDENUM ALLOYS 

5.1.1 Th&~F1ow Curve 

The true stress-true strain curves determined for zirconium­
<S' 

mo1ybdenum allays exhibit a maximum in stress' which usually talces place 

after a small work-hardening region. Wi th further increases in strain, [ 
1 

the flaw stress decreases continuously up to the maximum applied strain 

of 0.8. Typical stress-strain curves are shown in Figure 5.1. The extent 

of the work-hardening--region was found to increase with the strain rate 

and thus was minimal at low strain rates., Sorne tests showed a marked, 

stress drop at the onset of plastic flow; this was followed by the behaviour 

described above. The upper yi~ld point and stress drop usually obscured 

part of the work-harderting regian. On the other hand, the curves obtained 

in sorne c~ses showed no work-hardening at àll. 

For practical reasons, the maximum strain achieved was typically 

0.8. The curves show that even at such strains~ the flow sQftening per-

sisted although not to such a marked extent as during the earlier stages 

. -3 -1 of deformation. It was aiso observed that, at a straln rate of I.SxIO 5 , 

~~~. --_._-----_. 
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the initial ~ates of work-hardening are very high, . typically of the order 
, . 2 2 

of 2100 MN/m compared with 280 MN/m in u~al1oyed zirconium. 

5.1.2 Effect of Strain Rate on the Flow Curves 

Figures 5.2, 5.3, 5.4 and 5.5 show the stl'ess-strain curves 

obtained at strain rates varying between 6.2xl0-5 and l.Sxl0- l s- l , for 

alloys containing 0, 1.9,4.0 and 6.0% mo1ybdenum, respectively, and 

tested at 10000e ... The preheat time in the iurnace was kept constant -for \ 

\" aU tests and was equa1 to 30 minutes. 

, , 

It is clear that the stress level at any strain is strongly 

affected by ?t rain ra te; thé higher the stra in ra te, the higher the stress. 

Sorne of the curves indicate a slight increase in stress at large strains. 

This effect is most probably due to a breakdown of the lubricating glass 

film towards the end of the test.\ The yield and steady state stress data 

obtained from the stress-strain curves ~re given in Tables 5.1-5.4. Yield 

stresses were obtained by means of the 0.2% offset method, uSing the expanded 

plots of the first 10% strain of the flow curves. The overall stress 

sensitivfty of the strain rate n can be defined as n - (dlogE/dlogo)T and 
\ 

was obtained from the slope .pf the curve of loge versus logo at constant , 

~ tempe,uré*. These cUrVès for t~e zirconium-molybdenum a110ys tested at 

" " "" 0 1000 C are shown in Figures 5.6 and 5.7 for the yield 'and steady state 
l '\ . 
data, ~spectivelY. ~e value of ~. 7 strain \was taken as t~e strain at 

which né r steady state flow conditions were achieved. This assumption 

i5 a compr mise s.ince at larger strains, where a truly constant flow stress 

'II The "~ru~" stress sensitivity of the strain rate is given by 
(aloge!alogo)T t' and 15 generally higher than n. , , 

. , 
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TABLE 5.1 

Mechanica1 Data for Crystal Bar Zirconium at 1000oC, 
for Various Strain Rates 

" 
'. -1 e, 5 

1.Sx10·1 

1 

6.2x10·2 

1 -2 
1.5x10 

6.2x10·3 

l.Sx10·3 

6.2x10·4 

1.Sx10·4 

p 

Yie1d 

10.5 

7.5 

4.5 

'" 4.5 

3.5 

2.0 

2.0 

stress 

1 
/ 

(MN/m2) 
e - 0.7 

11.2 
/ 

9.5 

6.4 

5.2 

3.5 

2.4 

'" 2.0 
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TABLE 5.2 

Mecnanical Data f~r Zirconium 1.9\ Molybdenum at lOOOoC 
1 

&, s -1 
. 

l.SXlO· 1 

6.2xlO .. 2 

1.5xlO .. 2 

6.2xlO·3 -

·3 l.SxlO , 
1 

6.2xlO .. 4 

l.SxlO-4 

6.2ho"S 
1 • 5.1 S.S 

t 

/ 

,/ 

) 
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TABLE 5.3 

Mechanical Data for Zirconium 4% Molybdenum at lOOOoC 

~ 
\ , 
.it1"t-

. \ 

<1 
\ 
" " 

-1 
" 

e, S l 
( 

.... stress (MN/m2) \ 
~----~YMi-e~1~d~~~~~~€~-~O~.~7~------~--~\ 

1.5xlO- 1 
45.5 

6. 2X19-2 

l.SxlO- 2 38.0 0 34.0 

6. 2XI0- 3 ' 33.5 27.1 \ 

I.SXl0-3 " 20.4 IS.9 

6.2xl0-4 18.9 îS.6 

4 1.5xlo-4 1IIl 
9.4 9.9 

6. 2xl0-5 
1 , 15.3 5.6 

1 ( 

, . 
,f ". 1 .. 
", 

, 

. , 

1 1 
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TABLE 5.4 

Mechanica1 Data for Zirëonium 6% Mo1ybdenum at 10000C 

1 

-1 stress (MN/m2) 
e:, s Yield e: - 0.7 

1 1.5xlO-1 (, 

80.0 74.5 , 
6.2xlO';2 69.0 66.2 

l.SXIO- 2f} 45.0 40.6 

6.2x10-3 . 38.7 32.5 

l.Sx10-'3 24.0 20.4 . 
6.2x10 -4 15.5 12.4 

1.5x10*4 11.5 10.5 
, -5 

6.2xl0 8.5 8.0 
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might be obtained, there are' effects on the flow stress due to paal' 

lubrication. Lubricant break-up effects typically become significant 

around strains of 0.8. 

From Figure 5.7, the value of n under steady state conditions 

was found to decrease with molybdenum content, i.e. from 4.0 in unalloyedl 

zirconium ta 3.4 in-the 6% molybdenum alloy. The value of n determined 

from Figure 5.6 for the yield stresses decreases similarly from 4.0 to 

3.4 as the molybdenum content is increased from 0 ta 6%. The yield stress 

values tend to he morel scattered than steady state values; this additional 

variability presumably arises because of the occasional occu;Xence of the 

"yield drop" effect. When the yield drop occurs 1 the amount; of stress 
\ 

decrease was found to vary considerably from sample to sample. 

5 • i~ 3 Eff ect of Temperature 

The' stress-strain curves obtained at gOOOe on the 1. 9 and 6% Mo 

alloys are shown in Figures 5.8 and 5.9. Comparing the stress levels with 

the curves obta~ned at lOOOoC (Figures 5.3 and 5.5), it can be seen that 

the flow stresses are increased markedlY as the temperature is decreased. ~ 

Hawever, insufficient data were obtained ta permit the accurate determina-

tian of activation energies and the other activation param~ters. Neverthe-
1 

less, the experimental acti~ation energy wa-s estimated from the data for 

the 1. 9% and the 6% Mo alloys. 1 At a stress of 30 MN/m2, for example, the 

activation energies for the 1.9% Mo alloy are 160 and 105 kJ/mol for the 

yield and steady-state flow 1evels, respectively. Si~ilar values for thîs 

parimeter were found for the Zr-6% Mo alloy, these being 150 and IDS kJ/mol, 

respectively, for the yield and steady-state regîmes; at a stress of < 

55 MN/m2• 
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lt is of interest t,o note that flow softening occurs at 900oC; 

the flow ~rves appear similar to those obtained at lOOOoC. At low strains 

very little work-hardening is observed. At higher strains, the stress 

decreases continuously up to the maximum of 0.8 applie~ in the present work. 

\ 
5.1.4 Effect of Alloy Content 

A str'fs \~ersus composfÙon cux:re, determined at ,constant strain 
lt 

rate and temperature, is shown for yield strain ~nd' 0.7 str~in in Figures 

5.l0a and S.lOb. The data points appear'somewhat scattered, particular1y 

at" low strain rates. The presence of this scatter renders the determina-

tion of the mo1ybdenum concentration dependence of the flow stress very 

uncertain. lt appears, however, that the stress level increases with cm, 

where m t~kes a value in the range,O.S to 1.0. The significance of this 

result is not clear, although a cl / 2 dependence is normally assumed to be 

followed (204) when the solute atoms act as individual obstacles to dis1o-

cation movement. On this basis, for the 2, 4 and'6% wt molybdenum alloys 

the average spacings calculated are 7.5, 5.3 and 4.3 interatomic distances, 

respectively. lt is likêly that the dislocation does not move by over­

coming the strain field of a single atom at a time, but rather br passing 
'j-

several of them concurrently; If solute at~~~ act as groups which must 

be overcome collectively, then the relationship béiween the stress and the 

solute concentration wou1d be complex (205). This is not unexpected sincè 

the size and distribution of the solute groups wust be taken in account 

as weIl as the effects of concentration changes on these parameters. 

AI~ernatively, the type of strengthening observed may arise from the 

indirect effect of the molybdenum atoms (44). An indirect proof of ~his 

hypothesis would have been obtained/, if the activation volume had been 
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' .. 
calculated, and found to be large. (This is indicated in a qualitative 

way by the magnitude of the stress sensitivity n.) 

5.1.5 Microscopie Examination 

Temperature-time-transformation curves for var±ous zirconium 

molybdenum alloys have been determined by Domalaga et al (206). Their 

results show that the decomposition of the w-phase cannot be avoided ev en 

br the Most rapid quenching in/the 1.3 and 3.3% wt alloys. Although water 

quenching of the .s.4%-wt molybdenum alloy from the a-field can retain the S-

phase to room temperature~ a small quaa~i~ of w-phase is expeeted to be formed 

during cooling. In view of this, Most of the optical and electron micro-

scopy was carried out on the 6% molYbdenum alloy, water quenched from the 

S-phase. Under such conditions, the microstructure is expected to consist 

of B-phase with a small quantity of w-phase present. 

5.1.5.1 Optical Microscopy .. -
SamP1es;were ground down to 600 grade paper and then po1ished 

and etched in a sofution containing 45 parts HN03, 45 parts H20 and 6 

~ parts HF. The solution was swabbed on to the sample surface with a' cotton 

pad for about 10 seconds. Microscopic examination of a sample ma~ntained 

, . 

for one-half hour and subsequently water quenched revealed a microstTUcture 
1 , 

of roughly equiaxed grains. The grain size, measured by the \linear inter-

cept method and averaged over 300 measurements was found to be about 0.15 mm. 
J 

Within each, grain was a network of plate-like features which appeared to 

be crystallographieally oriented with respect to the grain. In general, 

Most of the piates were paraI leI to a single direction, with the remainder 

oriented toward~ a few other well-defined directiofts. This Widmanstatten-

\ 
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like structure is very similat in appearance to the S"-phase found in , 
zirconium-niobium alloys (207,208). In particular, the crystal structure \ 

and the composition of the B"-phase do not differ from that of the S-

phase, so that it aimost appears to be an etching artefact. 

The examination of samples preheated for half an hour, deformed 

to a strain of 0.8 and subsequently quenched showed t~at the grains become 

elongated in a direction perpendicular to the comp.ression axis Iiduring 

straining. In addition, the needle-like Widmanstatten features were 

observed to be bent by various amounts, up to 30 degrees. No evidence 

was found by optical means for the presence of precipitates. However, 

a very thin oxide layer was found to be present on the surface of the 

samples. In the region immediately adjacent to the surface oxide, a layer 
\ 

about 0.1 DUn thick consisting of a-phase was found, iresùlting from oxygen 

diffusion. 

5.1.5.2 Transmission Electron Microscopy 

Transmission electron microscopy was carried out on 6% molybdenum 

alloy samples held 30 minutes at lOOQPC and quenched after true strains 

of 0.0, 0.15 and 0.60. These samples were used to ~scertain the presence 

or the absence of precipitates (such as carbides ,or oxides) in order to 

establish whether an Orowan type of mechanism couid play any'role. Sample 

preparation and thinning were similar to that used for pure zirconium (209). 

Sections 1 mm thick were cut with a silicon carbide abrasive saw, then 

mounted on a brass jig using a thermoplastic cement and then ground on 

silicon carbide papers. The sections were removed from the jig, turned 

over, remounted and polished 50 that the thickness ~as reduced to about 
1 

0.6 mm. The sections were then chemically polished in a solution containing 

/ 
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1 

4S parts HN03J 4S parts HzO and 5 parts HF until a thickness of 1ess than 

50 ~m was açhieved. 

The final thinning was achieved by jet e1ectToPo1iShiAg, using 

a solution containing 20% perch10ric acid and 80% ethyl aleoho1, and main-
1 

tained at -ZOoC in a drY iee bath. Despite the precautions this technique 

proved ta lead to the formation ot hydrides during thin foil preparation. 

In spite of these difficulties, the results con;irm ~hat in neithêi the 

deformed nor in the undeformed condition were any precipitates present in 

the samples examined. Se1eeted area diffraction of the matrix material 

showed some reeiprocal lattiee streaking which suggested the presence of 

some w-phase. The w-phase detected could have been formed during eooling. 

5.1.5.3 Microurobe Examination 

A microprobe examination of the samp1es ·was carried out to 

investigate the possibility of molybdenum segregation. The samp1es were 

round to have a uniform distribution throughout, within the degree of 

certaintr of the measurement s. Both the grain boundaries and the \ B" type 

plates appeared to have the same mo1ybdenum content as the bulk of the 

grains. These resu1ts suggest that segregation, if present, mustlbe 

present at a 1evel be10w the sensitivity of the technique that is less 
\ 

t~an 1-2% or on1y at' a submicroscopie scale • 

5.1.6 Interrupted Tests 

Since the metallographic observations were not able to explain 

why the matefial softens during straining, a different apPfoach was taken. 

Compression tests were carried out to a p~eset strain at whieh the deforma-

tion was interrupted and the sample unloaded. After a preset time had 
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elapsed, the deformation was pursued to a strain of about 0.8. By 

comparing the stress levels on r~loading with those in the virgin material, 

! these interrupted tests permitted eome direct information to be obtained 
1 

about the structural changes taking place during the interruption delay. 

The strain at which the interruption is introduced is arbitrary, and was 

chosen at 0.15; this is beyond the peak, but avoids the large strains at 

which flow softening is'less severe in the present materia!s. 

Figure ~ 5.11 shows the stre~s-s\train curves obtained from aC-M, 

molybdenum alloy tested at a str:in rate of 1.5xl0-3s-1 for various inter-
--.,; 

ruption delays. For the initial 0.15 strain the stress levels vary 
1 

appreciably from sample to sample. This large scatter may be attributed 

to sorne extent to molybdenum concentr~tion variations from sample to 

sample. It is of interest to note that in this part of the curves the 

highest stresses are a1ways associated with the existence of a peak stress 
1 

around the yield region. 

In spite of the initiaI'scatter, the stresses obtained on re-

loading clearly shO\i the strengthening effect of interruption, the magni-

tude of which increases with delay time. The longest delays, 30,000 and 1. 

, ~ 
60,000 seconds produce not on1y a very pronounced strengthening effect, 

, \ \ . 
but also a sharp yield drop on reloading. The strengthening imparted to 

!" 
the-alloy by the interruption delay persists up ta the largest strains 

obtained by compression testing, i.e. 0.8. 

Similar interrupted tests were perforned on unaIIoyed zirconium \ 
l ' 1 

in order to assess the' differences in mechanical behaviour compared to the 

Zr-6\ Mo aIloy,when subjected to a 60,000 seconds delay. The curve obtained 

~s shown in Figure 5.12. The de lay caused a·.l"ked increase in the flo\\' 

22' 
stress of B-Zr, from 6.3 MN/m to 14.5 MN/m at'the peak. This increase 

, 1 
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of 8.2 MN/m2 is" however" much smaller than that in Zr-6% Mo, wh'ich 

reaches 1~: 2 MN/m
2 

under the same conditions. 

The increase in stress during the delay" together with the 

130. 

metallographic observations, suggested that environmental effects are 
\" 

\ 

princ'ipally responsible for the change in the mechanicai propertles in 
• l 

, . 
these materi~ls, and the possibility of such an effect ~as therefore 

copsidered in more detai1, as will be outlined be1ow. 

5. 1. 7 Atmosphere Effects 
\ 0 

The tests described above were carried out in an atmosphere of 

f10wing high purity argon (40 cc/min). In spite of this it was considered 
'L ~ 

possib1e"that .some oxygen pick-up couId take place, partibular1y during 

the insertion of the sample into the, charnber. In order to assess the 

importance of these effects, attempts werevrnade firstly to getter th~ 
\ 

residua1 oxygen frorn the argon stream" an? secondly to minimize oxygen 
~ 

~pick-up during sample insertion'by placing the sample in a cold furnace. 

In addition to these major precautions" some tests were conducted on sampIes . 
l' . i 

whose surfaces had been treated with various types of coating. A further 

set of experiments was carried out to study the degree to which the influ-

encè of the atmospnere on the meçhanical propertie~ was a surface as opposed 

to a bulk effect. The influence of these changes in test practice on the 

flow curves o~ zirconium-molybdenum alloys be presen1;ed in turn. 
i 

, 

5.1.7.1 Results 6n.coated s!MP1e~ 

Effects of samp1e coating on the interruption stress-strain 

curves are shown in Pigu-re S. t3; these curves are for iirconium-6% moly-

bdenurn tested at 1000o~ an1 interrupted'for 60,000 seconds. • All the curves 
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No.I) . 1 

Sample and atmosphere conditions: 
1. • Sample without coating, placed in the chamber preheated ta 

the testing te'mperature. No interruption was applied. 
2. Sample plated with Cr and Cu, and placed il1 the testing 

chamber at room tempe:w;:ature. 
3. Sample plated with Cr and placed in· the testing chamber at 

r00D! temp~rature. 
4 •. Sample without coating placed in the chamber preheated to, 

th.! test temperature" 
S. SC:lple in condition f, quenched' after the delay, re-machined 

before being ~ested .• 
1 1 
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exhibit strain softening. The delay causes,an increase in strength similar 

to the one described before' when the standard testing procedure was used. 
\ 

However, it,appears that in th~ests carried out on Cr coated samples 

under highly purified argon, for which sample insertion was effected only 

when the testing chamber was cold, the amount of strengthening that occurs 

,during the delay was decreased, but n~t elimiri~t:d completely. It is 

interesting to note that in some instances the curve on r~loading appears 

ta show a stress drop at yield followed by a work-hardening region beyond 

which the strain softening described earlier takes place. ~ 

The amount of flow softening during prestraining, as weIl as the 

actuai stress levels, varied considerably from one testing condition to 

another. This scatter cannét, however, .. related to the different atmo-

sphere conditions, since the stress levels in the prestrainlregion do not 

vary in the same manner as those after the delay. It is suggested, there-

fore, that the variation in the stress level on prestraining probably arises 

from slight differences in sample composition. The influence of oxygen 

on the reloading curve then appears to mask any sampie-to-sample variation 

in composition. 

5.1.7.2 \Continuous stress·strain curves in a high purity atmosphere 
\ 

A few stress-strain curv-es were obtained from Zr-6% Mo samples 

for 'which the highest purity atmosphere that could be obtained with the, 
'\ 

present equipment was used. 
~ 

This was achieved by purifying further the 
\ 

high purity argon on an oxygen removal train. Also, in the test ing chamber, . \ 

a large zircaloy tube was installed as an oxygen getter, and the sarnple , 

was placed in the chamber when cold. Heat-up was started only after purified 

gas was flowing. Stress-strain curves obtained under such conditions are 

shown in Figure 5.14. We note that the yield drop is still present except 
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for the test at l 1.SxlO-ls- l . However~ beyond the initial yield drop, 

for aIl strain rates of,testing, no stress decrease with strain appears 

that does not lie ~ithin the. scatter of the data points. When the curves 

are compared with the set obtained under the same mechanical conditions 
1 

but in the Itnormal" atmosphere" the following observations can be made: 

1 
i. No softening appears at strairys beyond 0.1 in tests carried 

out under a high purity atrnosphere; in contrast, with the "normal" atmo-

sphere, flow softening is evident. That is, an improvement of,atmosphere 

purity leads to an almost complete elimination 01 the 'strain softening'. 

ii. The stress leveis at int~rmediate strains'~0.2-0.6) are 

consistently lo~er for the tests effected under a high purity atrnosphere 

compared to the other ones. This difference vanished at 0.7 strain except 
~ -1 -1 

perhaps at a strain rate of 1.5xlO s • 
" 

5.1.7.3 Effect of sample size 

It appears from these results that atmosphe.re conditions can 

strongly affect the stress-strain curves. This effect can be expected 

to have been localized on, or near the sample surface. For this reason, 

a set of interrupted curves, with varying interruption times, was carried 

out under similar conditions to those in Figure S.~l. but with samples of 
f, 

4.5 mm in height and 3 mm in diameter; that is~ ab6Ut half the dimensions 

normaIIy used. Figure 5.15 gives the stress-strain curves obtained under 

such conditions. The increase in stress associated with the delay is two 
\ 
\ 

to three times that obtained on reloading with "normal" samples. One 

\, sample was submitted to an interruption delay of 240,000 seconds. On re-
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loading, the stress- 'reached a peak value of over 200 MN/m2 and dropped 
. 

very abruptly afterwards. The sample was found after subsequent cooling 

to ro~~ tempe'rature to cônsist entüel~ of oxide. In these tests the 

flow stress over the first 0.15 strain, again, showed a large variation 

in spite of the fact that the prestrain ,cqnditions were the same. 

f 

, 
5.1. 7.4 Removal of the outer layer 

Since the atmosphere interaction clearly affects the mechanical 

properties, the following experiment was designed to assess the importance 

of the outer layer of the sample. Samples ,,,ere strained to 0.15, unloaded , 

and held at ternperature for 60,000 seconds after which t~ey were water 
1 

\ 
quenched, thereby retaining the e-pJiase to room temperature. A 1. 25 mm 

thick layer was removed on a lathe from the sides and the ends of the 
\ 

\ 

sample. The machined sample lias then placed back in the chamb,er and tested 
~ ! \ 

ive minutes after it had reached the test temperature CiOOOoC) ~ The rele-

van stress-s~rain curve is also shown in Figu~e 5.13. The yield stress 

- obtai è~ on reloading l'las 22 MN/m2, on!y 2 MN/m2 higher than the on 
... 

obtatrte ,in the pre-straining region. Flow softening, howev,er, 1S n t 
1 ~-':: ' 1, 

totally li,mina ted by this means and is sti 11 evident a t larger strain 

o~k-hardening ~egion~. 1 Ho\"e~fhe rem(;val of the outer layer 

appears t suppress the stress pre$ent on rel:oadin~ and reduces the \ 

stress lev ls down to values si 1 to those obtained during pre-straining. 

A similar test was carried out on a crystal bar zirconium sample 

which had been submitted ta a 60,000 second -aelay. The stress-strain curv,e 
, , 

obtained is shown in Figure 5.12. We note here again t,hat the removal of 

the outer layer ~uppÎ'esses neart. completely the strength increase induced 
2 . 

by the de lay J the new yie1d value being now only 1. 9 MN/m higher than the 

yield stress of the virgin ma\erial~ 
, /" 

.. 

, 1 

1 

1 
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This strength incrernent over that of the initially undeformed 

material can be explained if i; is considered that sorne oxidation takes 

place du ring the sample insertion and preheat time. Oxidation will be 
/ 1 

pl'oportiona,l to the sample area, which decreased proportionally less than,' 

the samp le vo lurne w.hen the- oxygen-affected layer was removed. ~.foreover, 

the degree towhich the sample oxidizes may have been different than that 
'1 

of the initial satnple owing to sample-to-sample differences in testing 

technique, surface finish or impuri ty leve 1 in the gas stream. 
\ 

\ 

5.1. 8 X-Ray Analysis of Oxidized Samples 

The results just described show a very strong influence of the 
\ 

outer layer upon the mechanical prQperties of the Zr-Mo alloys. X-ray 

diffraction was used to determine the nature of this outel' layer. 

A few samples of Zr-6% Mo and of crystal bar zirconium were . 

placed in the furnace in the same manner as for tests shown" in Figure 5.11, 
1 

and left for 90 hours (324,000 seconds) at lOOOoe without de format ion. 

The fumace 'was then cooled to' room temperature and the sarnple retrieved. , 

After this treatment, tltè su.r;ace appeared grey-white over a layer I~hich 

did nqt exceed 20 \lm. Belol~ this, there was la very brittle létyer which 'j 
was about 0.5 mm thick in zirconium-moiYbdenurn and thinner in the Zr . \ 

samples, and had a metallic appearance. The sample core 

optically homogeneous. 

. , 
5.1. S.l Ductile eOl'e. 

The samplesfor 'diffraction were prepa~ed by cutting away the 
... v 

outer layer with a lathe, and then filing the ductile part to -50 mesh. 

The diffraction peaks obtained from the crystal ba.r zirconium samples are 
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those of a-zirconium as shown in Table 5.5. The Zr-6% Mo alloy, on the 
\ 

other hand, produced peaks ~hich were identified .as a-zirconium, plus 

some weak peaks which were found to be those of ZrM02 • These findings 

are in agreement wi th the equilibrium phase d~agram which suggests that, 

at room temperature, the zirconium-6% molybdenum alloy consists Of inter-

metallic ZrM02 arul a-zirconium containing less than 0.1% molybdenum. 

5.1.8.2 Brittle layer \ 

.;( 
Th~{ brittle layer could not be separated from the grey-white 

outside layer, 50 they were analyzed together. The layers were broken 

" off the inner core with gentl'e hammer strokes and were then ground to a 

-50 mesh powder. The diffraction peaks for pure zirconium are given in 

Table 5.6, and those for Zr-6% Mo .under similar conditions:: in Table 5.7. 

The peaks present in the diffractometer trace listed in Figure 5.6 

were indexed and identified as belonging to two compounds: Zr02 (mono­

clinic) and a-Zr (heleagonal), the latter being by far the Most important 

one by volume. It is important to note that, whereas the d spacings 

were spread on both s i4es of the 'values gi ven in the 

spacings measured for the a-Zr were always larger tnan 

those of he MTM files. This suggests that the lattice parameters of 

a-Zr present in \he brittle layer differ from tho~e obtained in oxygen­

. free zirconium. ~e variation of the lattice parameter of Zirconium 

with oxygen concentration has been given by Holmberg (210) and is reproduced 

in Figure 5.16. ,/ 
/-: 

--------------------_ ... ~ 
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() TABLE 5.5 

X-Ra~ Diffraction Pattern of Cn:stal Bar Zirconium 
(Ductile Core) 

r \ 

1 1 index 
1 29 ( l d (Ao) dCa-Zr} . (hkl) 
1 
1 32.11 M 2.787 

( 
, 

2.796 (loTO) 
, 1 

35.06 S 2.559 2.573 (00.02) 

36.64 VS 2.452 2.459 (lOï1) 

~8.l9 \ M '1.888 1.894 (lOï2) 

57.0 M 1.616 1.616 (1120) 
,-

J >. \. ( 

,(lO~) 
\, 

63.79 S 1.459 1.463 
, 

\ 

'\. 
\ 

,'/ 

;;t \ 
68.73 M 1.366 1.363 \ 

\ 
69.57 M 1.351 1.350 21) " , 

73.81 VW 1.284 1.287 (1 (0004) 
\ 

77.60 VW 1.229 1.2296 (2022) 

82.58 VW 1.168 (1014) 
f 

90.64 VW 1.084 1.084 (~ 
96.09 VW 1.037 /.-

1.036 \'/" (2131) 

o 

~ $>.:~~;~, ; r 
"~!f~ _____ . ________ ~.I"""Î,. ___________________________ _ 

/ 
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TABLE 5.6 
\ 

X-Ray Diffraction Pattern of Crystal Bar Zirconium 
(Britt le Layer) 

i ;0 Index 

d(AO) 
ClZr; Zr02 

28 l d(A ) hkl d(AO) 

28~22 VW 3.162 -, 3.157 
31.86 w 2.809 2.796 (lOTO) < 

34.65 S 2.589 2.573 (00,Q,2) 
36.42 VS 2.467 2.459 (1011) 
38.55 VW 2.335 

-------47.75 S 1.905 1.894 (1012) 
-56.72 .5 1.623 1.616 (1110 ) 
63.12 -S_ I. 473 > 1.463 (1013) 
66.45 VW 1.407 1.399 (2010) 
68.08; 5 1.371 1.363 (1122) 

69.16 S 1.358 1.350 (2021) 
72.91 VW 1.297 1.287 (0004) 
77.14 VW 1.236 1. 2296 (2012J 
81.74 VW 1.178 1.169 (101..4) 
89.88 W 1.091 1.0&42 (2023) 

95.47 M 1.042 1. 0360 (21I1) 
98.97 M 1.014 1. 0063 (1124 ) 

103.'15 il'I 0.9840 0.9783 (2132) 
104.62 W 0.9742 0.9660 (1015) 
107.79 VW 0.9541 0.9474 (2024) 

110.54 VW 0.9380' 0.9327 (3030) 
116.65 M 0.9044 0.9003 (2113) 
121.84 M 0.8821 0.8771 (3032) 

140. J 

hkl 

(111) 



f 

\. 
, 

29 l 

28.32 M 
:)1.92 S 
33.50 VW 
34.64 M 
36.40 VS 

1 

1 
39.52 M 
40.84 VW 
41.43 VW 
47.74 S 
49.32 VW 

50.22 VW 
S4.26, W 
56.91 VS 
59.91 VW 
63.09 S 

66.50 W 
68.15 VS 
69.20 ~e 70.23 
72.87 W , 

77 .18 M 
81.7S VW 
89.92 S 
92.91 W 
95.45 S 

99.06 M 

o 
/ .-

,-- .~-- ----- \ -
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TABLE 5.7 

X-Ray Diffraction Pattern of Zr-6% Mo (Britt1e'Layer) . 
1 • 

Zr02 o.-Zr ZrMo2 

d(Ao) d(AO) hkl d(Ao) hk1 d(Ao) hk1 

3.15 3.,157 CllÏ) - - - -J 

(loïo) 2.80 2.834 (111) 2.796 - _ 1 

2.675 2.617 (002) "- 2.69 (220) 
2.589 2.598 (020) ~.S73 (00.Q.2) 
2.468 2.459 (1011) 

2.280 2.28 (311) 
2.209 2.213 (21Î) 
2.179 2.182 (102) 2.18 (222) 
1.905 1.894 (lOÏ2) 
1.848 1.845 (022) 

1. 817 1. 818 (220) 
1.690 1.691 (300,(202) 
1.618 1.608 (3Ï1). (212), (l'3Ï) 1.616 (1120) 
1.543 1.54 (422) 
1.474 1.463 (10Ï3) 1.46 (333, (511) 

1.406 1.369 (2020) 
1.376 1.363 (1l~2) 1 

1.358 1.350 2021) 
1.340 1.342 (440) 
1.298 1.287 004) 

, 

1.236 1.2296 2Ol2) . 
1.178 1'.169 1014) : -
1.091 1.0842 2023) '-,. 

-) 
1.064 1. 0588 2130) , . \ 
1.042 "" \ 1.036 2131) 

~.013 1.0063 1124) 

-

-

., 
" 
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FIGURE 5.16 Plot of the lattice parameters of Q-zirconium 
versus oxygen content, after Holmberg (210).' 
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1 
The lattice parameters vary with oxygen content in a complex 

way. The c parameter increases monotonically, but not linearly a~ the 
1 

o ,1 0 
oxygen cont~nt goes up from 5.147A ta 5.204A at the so1ubility limit. 

o ,0 
The parameter increases from 3.232A to 3~255A as the oxygen content rises 

from 0 to 23\ atomic oxygen then decreases down to 3.244 as the oxygen 

concentration increases to 28.5% atomic 1imit of solubiiity. 

, The 26 val~es of the di~fraction charts permit a more accurate 

detepnination of \ the lattice parameters and this was done using the method 

described in Appendix 1. The set of 28 values corresponding to the britt1e 

layer of,a-Zr yields for lattice cons~ants: 

a\ - 3.256 ± O.OOS~, 
1 

c - 5.195 ± o.oo7R 

A similar ca1culation based on the indexed reflections of a-Zr in the 

Zr-6% Ho alloy gives: 

a - 3.27-± o.o3î, c - 5.17 ± O. o4f 
/ 

• 
The errors in the 1attice parameter are larger in this case as a result . 
Qf the lower number of reflections. 

Taking the variation in lattic~ parameter from the a-Zr as 

arising from interstitia1 oxygen pick-up, the oxygen content in the britt1e 

layer ~f a-Zr is found to be 2.2 ± 3% atomic oxygen (4.72% wt), which is 

quite close to the saturation value (28.5\ atamic). It can be seen, that 

a large ax en--eontent must be present in spite of the relatively, large 
, 

error bars on the lattice paramete~s. Th: err~r birs i~ _the val~es of ~he 
parameters for Zr-Mo are larger and cannot permit an accurate brittle layer 
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deterrnination, but they nevertheless suggest a simil~ oxygen content. 
\ . 

The diffraction peaks of the ductile core, analyzed in the same 

manner yielded the following values for a-Zr: 
t 

o 
a - 3.237 ± O.OOSA, 

o 
c - 5.14 ± ,O.OOSA 

~ 

Within the error bars on the lat~ce parameters it can be concluded that , 
);. \ 

the oxygen content is much lower than before (Le. 22%) in agreement with 

the results of chemical analysiSl (see Section 4). 

It is possible to conclude therefo~e that the a-zirconium present 

in the outeli layers of the sample is saturated with oxygen, so that when 

interrupted tests are carried out, ~xygen diffuses inwards from the surface 
-4 

of the sample. First an outer shel.1 of Zr02 is forme~j followed ~?y a 
. " \ 

thicker, axygen-stabilized a-zi~conium layer~ The core of the, sample is 

of course B at the testing temperature. Increasiftg the delay time only 
~" ~ 

se:r;ves to thi,ckert t~e oxygen-stabilized layer of, the a-phase, and ,decrease 
' .. 

the proportion of the softer B-pha~e. It is of interest to note tnat, 
1 although so~e nitrogen traces could also have Deen presentJ no nitrides 

were detected by the X-ray analysis. 

5.1.9 Hardness Curve 

The experiments "describ1'd thus far have made clear the influence 

of oxygen on the mechanical properties. They do not give;', howev~r, any' 

information on how t~e strengthening arises in the ma~~. Hardness , , 
," 

tests were chosen to give sorne indication of the local oxygen strengtheni~g 
, .. .. 

" across the sample alter deformation, thereby permitting an estimate of the 

local mechanical properties. 

" . . 

Figure 5.17\gives the micro-hardness profile 
" \ 
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for samples of Zr and Zr-6\ Mo 'deformed ta a strain of 0.15, maintained 

.for an interruption delay of 60,000 seconds, and then de(ormed ta 0.7 

strain and subsequently quenched. 'We remark that for bath zirconium and 

Zr-6% Mo, the a-layer persists up'to 0.7 strain, although it appears to 

be thinner faro zirconium than for Zr-6\ Mo. The hardness values appear 

ta decrease very sharply in the a-phase with the distance from the sur­
I 

face, indicating the presence of a very large oxygen gradient through ~', . -r !~ . '. , 
the a-layer. By contrast, below 0.5 mm from the su~ace, that is, in"'-

the a-phase, no hardness variations are detected, supporting the view 

that no appreciable oxigen gradient is present. Furthermore, it appears 

likely fro~ the absence of hardness variation in the a-phase that the 

strength 15 not influenced markedly by the plastic constraint exerted by 

the a-phase on to the 6-càre~ 

\ 

S.2 ZIRCONIUM 2.5% NIOBIUM 

S.2.1 Prior Heat Treatment 

The as-received material had' been hot swaged and subsequenqy 
, 

air cooled to ~oom temperature. The samples were therefore annealed for 

30 minutes at I02SoC and control coôled at a rate of 1°C/sec to room 

·temperature. 'Îbe preheat time at the test temperatu.re was kept constanto 
, 1 

and was cho~en tQ be 2S minutes. 

'5.2.2 Appearance of' the Stress-Strain Curves 

"" The stress~strain curves of the 2.~\ Nb alloy tested in the B-

phase exhibited a very marked work-hardenini region, followed bYfa steady 

state flow region •. A smal1 decrease in flow str~s was so~etimes. observ.ed 

vith further teformation. Such ~ild fiow soft,pning can arise in the çourse 

of high temp~~~'P'; deformation in metals that exhibit the 'Classical .::.; 

dynamic JI~overy curve. 

/ 
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~ 5.2.3 Effect of Strain Rate 

The stress-strain curves obtained at true strain rates ranging 

-1 . -4-1 from 1.5xlO to 6.2xlO sare given in Figures 5.18, 5.19 and 5.20 

for testing temperatures of 92.5, 975 and l02SoC, respedÙvelY. The stress 

levels appear strain rate sensitive; in Figures '5.21, 5.22 and 5.23 are 

shown the log-log plots of strain rate versus flow stress, for the yield 
, 1 

and steady state stresses, at testing tempe ratures of 925, 975 and l02SoC, 

respectively. The stress sensitivity, n, determined from the slopes 

appears to decrease from ~5.0 for the yield data to 4.3 for the steady­
\ 

statt;! data at·-92SoC. A similar trend is observed at 97~oC, although the 

slopes are steeper, giving,n values of 6.0 at yield and 4.8 at steady state. 

At I02SoC, the experimental points s~ggest a curved fit, but in view of the 

limited range of testing rates, the suggestion is tentative. For this 

, reason, a straight !ine was fitted, yielding slopes of 5.9 and 4.2 for 

the yielâ and the steady-stîte stresses, respectively. 

Th 'v. . -4 -1 -3 -1 d e flow eurves obtalned'at 6.2xlO sand 1.5xl0 s an a~ 

a temperature of l02SoC (Figure 5.20) show much less work-hardening beyond 

the yield than those obtained at similar strain rat~s and lOW~ tempera­

turis or same temperature bu~ higher strain rates. This indicates that 

the yield stress under these conditions is influenced by'surface effects, 
, ' . \... 

which reduce the difference between steady~state and yield stresses, an 

effect which is ~pparent in Figure 5.23. 

5.2.4 Effect' of Temperature 

80th the steady-state and the yield stresses are very sensitive 

to strain rate but appear to be ~onsiderably less sensitive to temperature. 

, " 

1 
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FIGURE 5.18 Experimental stress-strain curves of the f' 
Zr-2.S% Nb alloy, obtained at 925°C for 
various strain rates. 
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various strain rates. 
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A maximum of a 20% stress decrease takes place as a resu1t ~f a 1000e 

temperature i~crease. This renders the determination of experimental 

activation energies rather inaccurate and of questionab1e physical signi-

ficance. Moreover, the present data even indicate that the stress levels, 
~ 

at l025 0C are higher than those at 975°C. This may have arisen from a \ 

?material difference,-since the samp1es tested at 102SoC came from a dif­

ferent bar than those used at ~25 and 975°C. In the former samples, no 

significant grain growth was found prior ta testing, and the grain size 
1 

of the tested material was about 0.15 mm. 

o 

5.3 .ÙGH NIOBIUM A.LLOYS , 

, This section will describe the results obtained on the 10, 15 

and 20% Nb a110ys. The mechanical behaviour of these alloys appears· 

similar, but differs considerably from that of the 2.5% Nb alloy; These 

alloys, which were received in the îi-extruded condition, were given a 
a 

standard heat treatment consisting of a ID-minute anneal at 1000 C, fol-

° lowed by coo1ing in iRert atmosphere at a rate of 5 C/sec. Ih aIl the 

p' 

a1loys, the S-phase was retained to room temperature, except possib1y for 
, 1 

sorne decomposition of the 10% Nb alloy, as concluded from the TTT diagrams 

" 

, \ 

of Hehemann (211) related to Zr-Nb al1oys. 
f 
1 

/ 

5.3.1 The Stress-Strain Curve 

~ typical stress-strain curve is shown in Figure 5.24 for the 
Jo' 

20% Nb a110y tested at 1.5x10-
3
s- l The flow curve exhibit,S very little 

,. 

work-hardening beiore arriving at a maxinrum in stress, peyond which the 

stress decljeases continuously with strain. On the curve obtained at 725 0 C,_ 

the yie1d stress is 173.4 MPa, the peak stress 180.4 MPa and the flow 

\ 

(. 

! : 
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stress lat 0.7 true strain 136.2 MPa. The aIÙount of softening is lar!e, 

and appears to be present at 87S oC as weIl. Figure 5.25 shows that similar 
. ' Ir 

behaviour is obtained at 82soC for the 15% Nb alloy. In the 10\ Nb alloy, 
. ~ 

/ again: flow softening occurs at aIl temperatures and strain rates, as shown 

in ~gure 5.-26. In the last alloy, attempts were made to reduce the 

~oftening observed by strain-annealing the samples prior to testing 50 

as to produce a fairly large.grain size. It appears that this treatment 
y 

results in an increase in the flow softening effect, and furtherrnore~ it 

causes an increase in flow stress, as ca~ be seen from Figure S.~6. It 

is of interest to note that two types or, flow softening are observed: 

a severe one, typified in Figure 5.24 and Figure S.25, and a mild one, 

" typified in curves 1 to 4 of Figure 5.26. Dependin&,\upon the thermal 

~~y pre-tre~trnent, the material can change from one type of behaviour to 

another, as will be seen in more detai! in Section 5.3 • .4. 

, , 

The flow stress of the high niobium alloys appears both tempera-

ture and strain rate' sensitive, as 1s the case in the hot working of metals. 

The effects of heat treatment suggest that sorne as yet unspecified variables 
/ 

affect the flow curve. The following paragraphs de scribe the r 7sults of 

the investigations\carried out in arder to discover the source of the 

.softening behaviour. 
\ 

5.3.2 Effect of Testing Atmosphere 

The presence of a sharp decrea5e in flow s~ess which often 
, d 

o~curred shortly after yielding, as weIl as the subsequent flow sOftenfng, 
\ 

cou1d ha~e been due '0 an 0Jidation effect,' in a mannar similar to that 
. , 

observed in the Zr-Mo a110ys described above. The influence of the oxygen 

present in the argon atmosphere on the mechanical properties was therefor,e 

~~- e 
~ .. ~ ... ,.,~:.',;.;:. ?~.:-:~, 1. .fl· ... 7;.,.-, •. l ... = ... _,,-..-: . .,..-.--_---______ ...;;;., ________________ _ \\ 
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"" assessed by 4Yestigating,<,thè ,ef~ects due to var~ions in preheat time, 
. 

deray time du;ring intermediate unloading tests ~ and those produced bYl ' 
1 ° , 

the p1ating proceduré.· 

5.3.t.1 Effect 9f prcheat time 
'1\ 

Samples of Zr-20% Nb were he1d~at the test temperature 0t 725°C 
t 

for 1800, 10800 and 72000 seconds prior to being deformed at 1.5xlO- 3s- 1•· 

1 
The stress-strain curves obtained 01;1 these samples are shown in Figure 5.27. 

" . 
The influence of ,prolonged holdin"g at the test temperature is ~ increase 

the magnitude of the initial peak in flow stress and' to promote subsequent 

flow softenin,g. This increase appears relatively small from 1800 to 10800 .... ...., " " 

secQnds. 1'l]'i flow curve obtained after 1800 seconds preheat, however, 

shows a ~ight drop shortly after yield. It is 'pos~ible that this drop" 
'-

arises from oxygen effects during the prehe~1! time and, to test this hypo-
1 1 ,1 

• thesis 1 interrupted tests 
<} 

were carried out. 

J 
\ 

1 

" 5.3.2.2 InterruEted tests 

The effect qf increasing delay tintes during intermediate unloadi'ng 

on the reload,ing stres~ was investigated on the 20 and 15% Nb aBoys in 

order to evaluate the strengthening that can be caused by oxidition. This 

method was d1scribed in detail :iP Section, 5 .1.6 pe-rtaining te the Zr-Mo 
, 1 

alloys. Frgure 5.28 shows the stress-strain curves ebtained using 10 and 
1 

• 6S minute delays. The yield stress cause,\~,"by the 65 minute 

, about - à rMN/ m2 higher ~han. th~t due t~ the 10-minut~ delay. 
, # 

~elay is ~n.ly 

In bath cas~, -
the yield stress is lower than the un!oading strass'and the flow stress 

on reloading- settles back a1most inunediately te the level of the uninter- o 

\ ' o ~ 

,rupted curve. This indicates, tha:t at 725 C 'there is no significant oxida-
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tion effect, as ~ght be expected for su ch a low tgmper~ture. These 
t, 

results confirm the results obtained by varying the preheat time and . 
furthermore indicated th~t within the f1rst 60 minutes, no oxidation 

1 ;/ • • 

effects ~imilar to those observed in Zr-Mo alloy5 are Eresent, at least 

o at 725 C., 

The stress-strain curve for Zr-lS% Nb tested at 82SoC and 

interrupted for 30 minutes is shown in Figure 5.29. During the delay ~ 
# 1 

the chamber was opened and the sequence of operations carried ou~ during 

the insertion of the sample into the hot chamber repeated J 50 as to check 
.. 

whether the few minutes following sample insertion haa a large influence 

on the flow stress. Upon r~loadingJ the' flow stress appears unperturbed 

by, th~ delay. 

/ -

5.3.2.3 Gold plating 

o 
Finally, the deformation of the 15% Nb alloy at 825 C was carried 

out on gold plated' (0.2 um) and unplated samples" as _shown in Figure 5.30. 

There 1s little differen:e in th'~ softening behaviour -~~ in ,St~ess lev.els. 

The MOSt appa;fent aifference 'is a sligptly lower 10ading\ate in the gold-
tH 

coated' samplè; 

tion effects. 

\ 
which ':is expected to be a parameter vrrr 
The results of these investigations le ad 

sensitive to oxida-
! 

to the conclusion 

\ 

that the testing atmosphere did not contribute significantly to the flow 
, 

stress in the lower temperatures of· the B-range. The unusuai defornuttion 

behaviour of the 10, 15 and 20% Nb alloys thus cannot be explafned by atmo­

sphere effects, ilS was the ès'se foi the Mo alIoys'o, At higher te~eraturés, 

the effects of oxygen were not ascertained, but are unlikely to 1ncrease 

sharplx enc;ûgh to be responsible for the flow softening effects. 
p ~ 

l 
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5.3.3 Texture .De 

The marked st increase that arase as a resuit of recrystal-

lization and grain eoarsening gure 5.26) and the increased softening 

on deformation suggested that texture variatiq,'ns during deformation could 
• 0 

be responsib1e for the flbw softening that was observed. This hypothesis 
\ 

was consistent with the results of the interrupted tests, which showed 

no tendency for a retum ta the undeformed condition during an interrup-

tian delay, and the observation that flow softening seemed present at a11 
, 

temperatures. The' a-phase, bei~g bec, is not very prone ta ~trong texture . 
effects, but an unusual text~re development could have occurred in the 

present materia1, and for this reason texture determination was carried 

out. 

The (110) pole figures were determined in the 10\ ~~ \ loy 
• 1 ~ 

825°C as a function of strain as well as in the stanhard ~eat 
\ 

tested at 
1 Il 

treatment condition (i.e. 10 minutes at 1000oe) but water q~ched 'instead 

of slowly cooled" and in the fully recrysta1lized condition. Determination 

of the pole figures was based on the assumption that the texture was 

.\ 
syrnmetrical about the compression axis. Details of the sample preparation 

and texture determination are given in Appendix 2. ! 
/ 1 

/ 
Figur" 5.31 shows the pole development observed as a function 

of strain for the alloy maintained for 10 minutes at lOOOoC. In the upper 

left quadrant is given the te1.lcture prior to testing (e - 0), and the tex-

tures obtained for stFains of 0.1, 0.4 and 0.8, respectively, are distri­
",Jo, 

buted clockwise. In 9.b case ~ere the values of the pole density higher 
J 

than 2, indicating only a fairly weak variation in texture. The spread'" 

1 of the poles in the undeformed condition indicates a nearly random texture. 

Mter a true strain of 0.1 J the (110) pales tend to shift away from the 
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bar axis. At a true st~ain of 0.4, the poles are located mostly in a 

wide zone which narrows somewhat when the strain reaehes 0.8. In this 

latter texture, the (110) poles are located about 30-400 from the bar axis. 

The texture evolution with strain appears to be from nearly 

random- to a (Ill) fiber texture, as seen from the angle between the nU) 

and (110) planes. o This angle is 35.26 the angl-e around whieh ;lre spread 

high (110) pole densities. 

Turning our attent-ion now to the pole figures obtained for the 

reerystallized material, these were obtained in a similar way and are 
l , 

, ",1 

\ 
presented in Figure 5.32. It can be seen that similar results were 

pbtained, exeept tha·t the (110) ,pales are more evenly spread around the 

o 
mean angle 3S. 26 . 

o 

It i~1 now possible to estimate qualitatively the effects of 
Il , 

o 
these textures on the rnechanical strength. In a random texture, which 

can be considered ta be approximated in the undeformed material, the 

relation between the flaw stress crr and the average shear stress, 

on a (110) plane is , 

(5.1) 

where ~ is, the Taylor fac~ar, equal ta 3.06 in bec metals. On the other 

hand, for a perfeet (111) fiber texture, the relation between the flow 

stress cr and the shear stress ',on the -operating [urJ (110) slip system 
t 

(S.2) 

,. J .. ta. il t 

• 

is 

'Pmm 

., 
l 
j 

, 
'l ; 
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where MS is the inverse of the Schmidt factor and is equal to 3.67. 

If it is assumed that a con&tant resolved shear stress is required to 
a 

initiate flow, the flow stress of the fiber texture will be 

(5.3) 

. 
that is, 20' figher than that required to defor~'a random structure. 

The development of the hard (Ill) fiber texture should lead to an increase 
~ , 

i~ flow stress and in consequence should oppose the softening'behaviour. 

The determination. of the pole figures in' the other Zr-Nb alloys 
, 

has not been attempted 5ince texture evolution i5 a geometric property 

and" should therefore lead to.similar results. The finding that a (111) 
• 

fibe~ texture is developed by compression on bcc Zr-Nb is in agreement 

with data reported in the literâture (212). 

;-~ Effect of An~ealing Time '\ 

\ The experiments described in this section were designed ta 

investigate. the influence of S-annealing treatments on the flow curves 

of I3-Zr-Nb alloYs. In prelimina'ry tests it was apparent that th~ type 

of flow softening was dependent on the te5ting temperature. At the higher . . 

/ temperatures, flow softening was abrupt at low strain and became rather 

mild at higher strains. On the other hand, at lower temperatures the 

• 1 

\ 

flow softening was more graduaI in character, the rate of softening being 

comparable at aIl strains. The influence of annealing Ume on the flow 

curve was first investigated in the 15% Nb alloy. Samples were annealed .. 
• . . -6 -

àt lOOO?C in a 3" quartz furnace tube chamber evacuated down to 8xl0 ' 
J 

torr, for various times; and were then cooled.to room temperature by rolling 

==t 

' . . -,/ 

• 1 
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the furnace off the tube. The samples w§re then deforrned' at a strain 
-3 -1 0 .~ 

rate of 1.5xl0 s at 825 ~ after a standard preheat of 20 minutes. 

'Figure 5.33" shows the stress-strain curves 9btained after the various 
, 

annealing tirnes J and Figure 5.34 gives the stresses at yield ~nd at 0.7 

strain plotted versus the logarithrn of the anneal time, 

The flow stress levels appear to increase sharply with time 
, -

of the anneal at lOOooe. The as-received material (no ann~al) was found 

to flow at the lowest stresses, and did not ~ibit any significant flow 

softening. A five-minute ~nneal at lOOOoC increases the yield stress 
\9l' ) , 

over that of the as-received material from 19.6,to 52.2 MPa and the cor-

responding stresses at 0,7 strain from 19.7 to 37,8 MPa. In additi~to ", 
\ 

the increase in the flow stress level, 1 a signifi(iant arnount of strain 

softening is introduced br this short anneal. The strength of the 'material 

increases further as the time-ôf annealing is increased, although not as, 

markedly as during the first five minutes; this is indicated by the curves 

obtained~for 90 and 240 minutes. The a~ount of stre~ increase brought 

about by annealing seems to reach a maximum value afteT about 240 minutes. 

In order to confirm the, existence of the very large strengthening 

resulting from annealing at 1000qC, ihese experirnents were repeated in 

the same alloy: (although in ~ different bar, labelled ISA, whereas the 

results described above pe~tained to ao bar labelled D). In addition, ~ 

Q similar experirnents were carried out on samples of the Zr-2à% Nt, a11oy. 
e) 

The annealing tirne was also extended ta 64 hours in order to establish. ", 

wheth~r or not the stress would decrea'Se a't time longer than that re,quired 

to reach the maximum value. Furthermore, a larger number of annealing 
1 

time was chosen. AlI samples were prepared in a sitnilar manner to that 

~escribed above. 

, 
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The stress-strain \curves obtained under such condirions are 
. 

shown in Figures 5.35 and 5.36 for the 'Zr-lS\ Nb alloy (bar 15A) and 

Zr-2p\ Nb alloy (bar 208), respective~y. The peak stress, the lower 

yield stress and the stress at 0.7 strain ~re plotted versus the lQ~arithm 

of time in Figures 5.37 and 5.38 for the two alloys. Frôm Figures 5.35 

and 5.37 it can be seen that no sigriificant change in mechanical properties 
1 

takes pl~e for ann~als of less than five minutes duration. Howeve:r;, 

after ten minutes.. the 'stress increases markedly and stays approximately 

constant with anneal __ time up to four hours. Beyond tbis time, the stress 
1 • " f 

drops again by about 20 MPa and stabilizes for longer anneal times. 

Comparison of Figures 5.34 and 5.37 shows that bar D ·in tbe as-received 
\ 

conditipn deforms at a stress which is approximately half that of bar 15ft. 

in similar conditions. In these two tests, bar D shows no softening, 

".. 

whereas bar 15A does, suggesting, that flow softening and the :bcreased strength may 

mare 8 causal relationship., It is of interest in this respect to note that 

tbe Aference i~ stress between .the "peak stress and' the stre~s at 0.7 

strain flow appears to be 'a maximum for the large st flow stress levels. 

For the longest anneal times, flow softening i5 not marked. but nevertheless '4 

, • remains present. .. 
The same trend is observed in the 20\ Nb aUoy) Figures 5.36 

and 5. 38. Th~ increase in strength with anneal time appears s.omewhat more 

progres~'ive than in the 15% Nb a11oy, and the stress decrease 'occurs only 

after an eight-hour anneal, indicating a more sluggish process. 

Part' of the stress increase which apparently arises from an 

increased annealing time could be produced by oxygen contamination. If 

this w~re the case, th~n the~e would be a \ progressive inerease in the flow. 

stress levels witb annealing Ume, which would mask the true effect of, 

. . 
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annealing. The possibility of oxygen pick-up during annealing of bar 0 

~s checked by,carrying, out room temperature microhirdness tests on a 

pure zirconium sample which was used as' a control and annealed for four 

hours. The OPH values reported in Table 5.8 represent a~ average of 10 

measurements. There is no marked difference betweerl·-these values. Since 

hardness is very sensit'ive to oxygen content, these tesults· indicate that 
. , 

no significant" contamination took place during the annè'~l. In the case 

of bar ISA, samples which had been ,annealed for 4 and,64\pours as well . 
\ . 

as samples of as-reee1ved mater:i.~l were analyzed for oxyg~~concentration 
~ .' , 

using a L~co oxygen amilyzer. ,In order' to avoid undesirabl Interference 
, 

from the possible oxygen concentration gradient from thè surface to the' 

center of the specimens, thin dis.ks of similar tJ:ticknesses were eut off 

on a"Jathe, and used for oxygen analysis. The oxygen concentrations 

obtained are given in Table 5.9. The value\ are reasonably close and 

indlcate that the oxygen pick-up does not ex ed 50 ppm ev en a.fter the 

longest anneal. This :r'as considered satisfact -,:y 

~'l 

) 
s Ince a 50 ppm q?,ygen ( 

increase would not be expected to induce a mar~e change in the meChan~1 
propert ie s. 

(~ 

The increasd in strength of the alloys by annealing 

was very large. In view of l this it was gecided to investigate the varia-

tion of the strength differential between as-received and 4 hour anneal 

sanplE$of bar 0 with temperature. Figure 5.39 shows the stress- strain 

curves for bar D' tested at 925 and l0250C, in the as-received and 4 hour 

anneal conditions. At 9250 and 1025
0

C the deformation of the às-received 

structure leads to marked softening. 
o 

The flow stresses at 925 and 1025 C 

are lower than those obtained at 825°C. However, th~ difference in flow 

stress between the as-receive~ and the 4 hour anfi'~al' condition is less 
~ \ 
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TABLE 5.9 

" ,Oxygen Ans1ysis of Zr-lS% Nb Alloy (Bar 1SA) after 
0, 4 and 64 Hours of Annea1ing st 1000ee, Indicatlng 

the Absence of Si~ificant Oxygen Pick-Up During Annealing 

Annea1ed 4 Hours 
As-Received st '1000oe 

, 

.." , 
- in ppm weight 

1 

1330 :: 1320 
1350 1345 

- 1340 
, 1360 , 

Average : 134.0 1337 
Standard 1 

Deviation: 24' '" 12 
1 

. 
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~ 
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Annea1ed 64 Hours 
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than IS MPa at 92SoC and 5 MPa at l02SoC, comp\red to the 60 ~Pa resulting 

at 825°C. GAt 102SoC, the effect of nold time on the stress level appe~rs 

quite small, and a150 the rate of softening at strains greater than 0.08 

is almost independent of the annealing treatment. 

5.3.5 Opt~eal MicroscoEY 
1 

Metallographie examination was carried out in order to follow 
, . 

. the microstructural changes that take place on annealing and straining. 

Two etchants were used, the cho1ce of which depended. upon the type of 

structure to be examined. The first one consisted of 4S parts H
2

Q, 4S 

parts HN03 and 5-10 parts HF. When samples were etehed with this solu­

tion, the e grains appeared ,to contain a Widmanstatten-like structure, 

, but the use of both X-ray and microprobe analysis (Sections 5.3.6 and 
, 
1 

5.3.7) f.ailed ta indicate the pres~nee of a second phase. These struc-

tures are similar, to those found in Zr-Mo alloys and were not faIt to 

have much influence on the mechanical properties, as they appear to be 
.... , 

an etching al'tifact (207,208). The other etehing solution consisted of 

4S parts lactie acid, 4S parts IDi0
3 

and S~lO parts HF. With this solu-' 

tion, the needle-like features never appeared. With both solutions, the 
o 

grain boundaries were in general difficult "to' reveal. In sorne cases, they 

could not be clearly etched at aIl. Another point of interest is that 

there were marked differences in etch qua lit y for samples differing only . , 

in heat treatment. . 
1 0 

The examination of the alloys heated for 1'5 minutes at 925· C 

or l02SoC and guenched revealed the presence of B-grains only, which be-
, \ 

. \ '- , 
come elongated after deformation. The obs~rva~ions made on the-,Zr"71S% Nb 

samples ann~a-1e4 for various lengths of timè\ at lOOOoe and air-cooled 
.... 

'.r.;. ~.'/c,:·,~~" ., .... '.' .. ' .... \ '" ... ',".,_.' :. ... ,' .. '._".:::." .. _., '''-.. ~_~" 'f~ _ ..... ~ .'T "f.\.:':J .. ~~,.H ..... ~ ... ~ ... ~11it~.;~~~~~~iI1I ... 'I1I ..... r.E __ m:iW!'lIAIJ_;.-_____________________ _ 
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\ 
showed that the B-phase was not _entirely retained during cooling, but 

~a'f1l some decomposi tion occurred. This' suggests that the TTT diagrams 

determined by Hehemann for 'various low oxygen Zr,,:,Nb al1~s are not in 

fact -applicable. The air~cooled structures of samples which underwent 

annea1s of 5 minutes, 4 hours and 64 hours are shown in Figures 5.40, 

5.41 and 5.42. These three conditions·we~e chosen as typical of the 

~ tfeatments leading to the mO~,t marked flow stress variation, both on . , 

yie1ding as 'weIl as during flOW'" and shown b~fore in Pigure 5.37\ 
After 5 minutes oF annealing at 1000oC,' the structure remains 

, . 
fine-grained _ and the a-particles appear as small round globules. Long!. 

tudina1 ~treaks of a paraI leI to the sa] le axis can be, observed faintIy. 

The 4 hour anneal permits a c,oarser grain size ,to be deyeloped. The 

grain boundaries appellr to have a continuous network of a·phase. Th~ 

a-phase particles. are no longer' sphetical' but now appear as -plates and 
, 

rQds, suggesting a low interfa'ce energy somewhat analogous to the Widmanstatten 

structure. The streaks observed previous Iy appear now as Unes about 10 lJm 

wide, along which continuous a precipitation occurred. The precipitation 

along grain boundaries also appears more massive. FOI'lowing the 64 ~ur 

anneal, the grains have not appreciably grown further. 
\ 

" . 
The a-precip~tates 

now appear still more massive and less plate-like. Heavy precipitation 
" . 

has occurred along the grain boundary, Ieaving near it· a precipitate-free 

zone. The narrow streaks have evolved into bands about 40 lJm wide which 

have a larger precipitate density. The variation of the a·morphology' with 

annealing time at 10000C cannot be completely rationalized in a simple way. 

Although the a-grain size increase with annealing Ume "may be expected 

to affect the nùcleation of Cl upon cooling, the variation of the a-morphology , 
<tt' 

with time once the grain size doés not grow appreciably any more remains 
'\ 

l 
j 

, . j 
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FIGURE 5.41 Microstructure of Zr-15t~Nb hbar lSA), 
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ahnéaled for 64 hours at IOOOoe and air 
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FIGURE 5.43 Microstructure of Zr-15% Nb alloy, 
annealed for 5 minutes at lOOOoC, 
deformed at 825°C to 0.6 strain at 
a strain rate of 1.5xlO-3s· and 
water quenched. 
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FIGURE 5.44 
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Microstructure of Zr-15% Nb alloy, annealed 
for 4 hours at lOOOoC, def,ormed at 825°C to 
0.6 strain at a' strain rate of 1.5xlO·3s·1 
an,d water quenched. 
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obscure. The presence of the streaks paralle1 to the bar axis suggests 
1 

the existence of marked segrëgation in the as-received mat~rial. 

1 Prior to testing at 82SoC, the annealed and air-cooled samples 

were held for lS minutes at t,he testing temperature. The Metallographie 

examination of the alloy prior to testing showed that the a-phase had 

disappeared completely, except for a few a-globules (as detected by X-rays) 

which would not dissolve even after longer hold times. Af~e~ deformation 

at 82S oC, these particles can still be observed (Figures S.43, 5.,44 and 

5.45), suggesting that they a~e stable at this temperature. The lack of 

variation in their morphology or distribution with deformation indicates 

that they are unlikely to be associated wlth the softening behaviour observed. 

The grains after deformation are elongated and the grain boundaries appear 

not to be too irregular. Finally, there is sorne evidence on the micrographs 
1 

of Figures 5.43 to 5.45 that the featur~s giving ri se to the streaks a+e 

still present but are now distorted along the flow 1ines. 

From the Metallographie observations, it thus appears that, in 

the zirconium-niobium alloys: 

i. no second phases are present above 825°C; 

ii. sorne a-phase seems to be stable at 825°C in the 15% Nb al10y; 

iii.there appears to have been sorne segregation, produced during 

solidification, which persists through hot working, as weIL as sample 
1 

preparation and annealing; and 

iVe there is sorne evidence of solute activity, i.e. diffusion, 

during annealing, perhaps as a result of the segregation, leading ta micro-
,f 

structural variati,ons" 1, \ 

< .-
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5.3.6 X-Ray Investigations 

The resu1ts reported so far indicate the need for an X-ray 

diffraction study of the Zr-Nb a110ys. 
1 

For example J the flow softening 
1 

observed cou1d have been caused by the coarsening of a su~~abl~ precipi-
t: ~'".J 

tate. A1though the 'micrographs described above may indicate :that, at least 

on an optical scale, there are no apparent differences in the structure 

"" of 15% Nb samp1es held at 10000 C for various times J X-ray analysis could 

provide a valuable cross-check of this hypothesis. Alternatively, the 
s 

analysis could lead to the detection of sub-microscopic partic1es, if 

these are present in large enough quaqtities. An investigation of the 

nature of'the precipitates formed during air cooli~g from the a-phase was 
1 . 

also felt to be necessary, as was the stability of these precipitates at 

82SoC and at~igher ~emperatures. Fina11y, more information was sought 

regarding the Widmanstatten-like features, which have been found br others 

(207-208) in Zr-Nb alloys and in Zr-Mo (Section 5.1). It was thus an 

objective of the X-ray invpstigation to verify the prope~ties of the , 

material, in view of the unusual behaviour of the preserit alloys. 
\ ' 

The X-ray diffraction experiments were carried out on the 15% Nb 

a1loy, which was select~ as being representative of the hi~h niobium alloy 

behaviour. The samples were polished and etched befor1e being mounted in 

the,sample holder. This method was preferred to the powder method, because 

it gave sharper and better defined peaks than the ana1ogous patterns 

obtained from powder. The conditions used, as vell as the diffraction 

peak angles and intensities for the samp1es analyzed are given in Appendix 4. 

The às-received materia1 e~ibited diff~act~on peaks of aZr and 

aZr ' only. No aNb or other phase was detected. From the intensities of the a­

phase peaks, it appeared that the amount of a is substantial, probably 
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close to that pertaining to the eutectoid temperature. After a 64 hour 

anneal at lOOOoCfollowed by air cooling, the treatment des~ribed earlier, 

the structure again appears to consist of a and a onlÎ without the 

appearance of any SNb or other phase. 

When these two-phase alloys are heated for lSI minutes at 82S oC 

and subsequently quenched, most of the a is absorbed by the a, as indicated by 
'" 

the disappearance of aIl the a-phase peaks except for a very weak reflection 

from the (0002) plane. 
a This peak does no~ disappear ev en when the hold 

1 fi 

time'at 82SoC is increased up to 3'hcJurs. This result indicates firstly 
~}.. , 

,1 0 
that equilibriurn conditions are nearly attained after 15 minutes at 825 C, 

1 
and secondly that at this temperature there is still sorne a present. 

If now the as-recei~ed material is heated up to 92S oC or l025 0 C 

for 15 minutes and quenched, no a-phase peaks are found any more. There is no 

evidence either for any 9ther high température phase, supporting the 

contention that the alloy is entirely B at this temperature. 

'The presence of (l as a stable phase at :82S oC, as described above, 
l , 

is in conflict with the Zr-Nb binary phase diagram of Lundin and Cox (213). 

However, their diagram was established for very low oxygen concentrations. 

For higher oxygen concentrations, Richter et al (21~) have determined the 
1 

Zr-Nb binary diagram by metallographic means. They concluded that oxygen 

concentrations as low as 200 ppm wt are sufficient to give the alloy a 

distinct ternary character and raise the a + a ~S transition temperature 

in a marked fashion. !heir phase diagram for Zr-Nb-200 ppm wt 0 is shown 

in Figure 5.46a. It can be seen that the a + 6 field is expanded by the 

additions of oxygen, and that an a + B + 6Nb field is create~ above the 

eutectoid temperature~ and at low 0 concentrations. From the diagram 

it is possible to estirnate the transition temperatures applicable to the 
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present 15% Nb alloy, which contains about 1500 ppm wt oxygene This i5 

done in Figure 5.46b by extrapolating the curvb giving the variation in 

transition temperature with oxygen concentration obtained from Richter's 
II 

data to the present oxygen leve!. We find that the a + B ~B transition 
. ~ -

can be expected"'tô' occur at about 92S oC whereas the a + B + BNb~ Il 1- ~ 

• • 0 
transitlon rnay be expected around 800 C. These predictions agree lwith 

o 
the present experimental observation, i.e. that a is present at 825 C and 

absent at 925 and l02S oC.- It rernains to be explained why no BNb i5 

observed in the as-received material and for the annealed and air-cooled 

conditions. The answer to this question may lie firstly in that X-ray 

diffraction is incapable :of detecting less than a 2% volume fraction of 

a second phase, and secondly in that the formation of SNb May take excessively 

lo~g time5, as extensive 'Nb diffusion,is required at relatively low 

temperatures and at 10w degrees of supersaturation. 

The X-ray diffractIon pattern for the 15% Nb alloy annealed for 

64 hours at lOOOoe, air-cooled and reheated 15 minutes at 825°C did, not 

show any phases other than BZr and sorne a, a1though under this condition, 

any precipitate that rnay have been present would have been 

overaged. In order to rule out,unambiguously,precipitate coarsening as 

the cause of softening, diffraction was carried out on this sample in the 

deformed condition as weIl. No change in pattern was detected, indicating 

again that the a was stable, and that neither precipitation nor precipi- , 

'Ii tate coarsening occurred. Furthermore, the analysis of a 15% Nb alloy 

held 15 minutes at {lOOOoC deformed lat 1000oC, and subsequently quenched, 

reveale~ the presence of B only. Since extreme overaging and deformation 
, 

failed to produce a second phase (other than a) that could be detected . 

by X-rays or optical microscopy, it was concluded from this phase of the 
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, 
investigation that a precipitation and ageing mechanism cannot be invoked 

to explain the observed flow softening. It should ~e added that the 

occurrJence of flow softening at 10000C as weIl indicates that sorne un­

known phenomenon associated with the a-phase is unlikely.to be the1cause 

of the flow stress decrease with strain. Furthermore, the plate-like 

features observed after attack with the water-based etchant do not appear 
4 

as a distinct phase, in agreement with the results of previous investi-

gators (207,208). 

5.3.7 Microprobe Examination 

The X-ray diffraction studies 'confirmed the metallographic 

observations conc~ing the presence of the a-phase at 82S oC and the 

absence of any phase'other than a at the higher ternperatures. However, 

the changes in,s~ructure of the Zr-lS% Nb alloys after various hold times 

at IOOOoe and followed by slow cooling from the a-phase couid not be 

exp1ained by coo1ing rate variations. The presence of grain boundary pre~ 

cipitates and precipitate-free zones after long anneal times, together 

with th~ presence of longitudinal bands of precipitates somewhat similar 

to banding in the Mn-bearing steels (21S) suggested that segregation was 

in~olved. A microprobe study was therefore undertaken to find out whether 

significant segregation had occurred\. 

Three samples were chosen for this analys~s, representing the 

extreme conditions obtained: those having received 5 minutes (NI), 4 hours 

(#2) and 64 hours (#3) of annealing ~t 1000oC, followed by air-cooling. 

In order to re-dissolve the a-phase, they were heated back to 1000oC, 
\ 

maintained 1 hour at that temperature, then quenched. The electron beam 
1 

was adjusted to be about 3 ~m in diameter and thê counters were set to 

, 1 
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~ 
pick up the X-rays emitted from the main elements of the alloy, i.e. Zr 

and Nb. At each point, the counts were integrated ov'er a ID-second 

period, then repeated at least five times. The average intensities X 

with their associated standard deviations are pres,ented in Appendix 5 fol' 

each sample and area. The nioQium concentrations were calculated from 

the.' intensities by means of th~ relation: 

%Nb( ') atornlC - x 100 (5.4) 

where Xs is the count average for the sample, XZr that for pure zirconium 

and XNb that for pure niobium. Normally a correction for Idifferences in 

atomic absorption should be used in the relation above. It was omitted 

because, on the one hand, the correction i5 small, Zr and Nb being neigh~ 

bouring elements in the periodic tablei and, on the other, because the 

variations in concentration are of greater interest than the absolute 

value, the average value of which is known in any event from chemical 

analysis. 

This raises the question of the accuracy of the determination 

of the Nb concentration. As the denorninator of the above relation is 

constant and XZr i5 very small, the relative error in niobium concentra- / 

- * tion will simply arise from the error in X On the assumption that 
s ~ 

the real average is ~ and that the values follow a normal distribution, 

the 90\ confidence interval CI in ~ is: 

* This i5 to say that the error in niobium concentration is systematic 
and doe5 not hinder the comparison of different regions. 
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,CI - X:tt S 
S a/2 n-I Tn 

Taking typical values of X,, - 5000; n -
\ 5 

CI 

CI 

- 5000 ± 2.132 x ~ 
5 

- 5000 ± 143 

.. 
j 
" 

S, and s - , ISO 

Thus, the confidence interval leads to a niobium concentration 

If 

- ± llL x 0.15 ± 0.0005 
5000 

i.e. it will not exceed 0.5%. 

It is now possible to interpret the data obtained. On the 

s~mple #3, annealed for 64 hour~ at IOOOoC the variations in niobium 
<.:> 

concentration barely ex~eed the error bar, but nevertheless indicate 

a sli~nt trend for low niobium contents at the grain boundaries. In 

,sample #1, annealed for 5 minutes at 1000oC, it appears that the 13" 

needles have a niobium content similar to that of the matrix, in,agree­

ment with the X-ray.results. ,It seems again that the grain boundaries ..,' 
__ are somewhat poorer in niobium than the interior of the grains. In 

sample #2, however, the limited information available does not permit 

1 
any conclusions to be qrawn. 

~ 1/ 

The niQ9ium concentration seems ta vary only slightly across 

the,streaks in sample #1. This sample was chosen because the width of 

the streaks was the narrowest. thus leading ta la~ge possible Nb variations. 
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In summary, microprobe examination failed to detect massive 
a 

grain bounda~ segregation,or solute banding. The reservation must~ 
" 

neverthe1ess,be made that if the segregated zone width is be10w 1 ~m, 

the micr~probe beam will i~tegrate the intensities of the segregated 

area and that of the grain, thus 1argely masking the trend. 
"W' 

, } 

5.3.8 Grain Size Measurembnts 

During annealin'g at' IOOOoC, grain growth occurs, 'and as a 
, 

resu1t coarse-grained structures are produced. It is therefore of 

importance to determine whe~her the grain size has a marked effect on 

the.mecha~ical properties. At low testing temperatures, where the 

Hall-pktch relation holds, the flow stress varies as d-l, where d is the 

grain size. As a result, the finer' the grain size, the stronger thè 

material. At high temper~tures, however, the grain boundarie~ can intro­

duce a strain component by means of a sliding mechanism. ln this case, 

the swall~r the grain size, the greater the grain boundary sliding component , . 

of the strain and, therefore, the smaller the induced stress at a giveri 

strain rate. When th~s process is 0fCurring, the gra~ns tend to remain 

equiaxed, as in Coble creep. 

Be~~~en the~e extreme conditions, the grain size will still play 
, i 

a role in two ways., On the one hand, the evolution or grain size during 

annealing at lOaaoe will be reflected on the yield stress of the material 

tested at 8250 C. ~! the initial ~in size is very fi~e (e.g. abou~ 20 ~m), 

and appreciable grain coarsening'occurs during anne~ling, then a flow 
~ stress increase can be expected, the kinetics of which should agree with 

" 

those of grain coarsening. This ~ouldlbe due to the progressive 10ss of 
o 

the grain'boun~ary ,sliding component of theltotal strain as annea1ing 
\ ' 

) 

, t 
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strengthening. On the other hand, the grain size may, vary during straining. 

If lt is unstable at the' testing t~mperature, i t will tend to~' grow during 

'.' deformation. Furth~rmore, while the grains are srnall, a grain boundary 

sliding mechanism can operate and contribute to the total strainj this 

process will tend to 10'se ~mportance as coarsening occurs, \leading to an 
} 

( 

increase in flow stress. In a contrary way, if some grain refinement 

occurs ~uring straining because of the increasing contribut ion of, grain 

boundary sliding, flow softening will occur. A modest amount of flow 

softening can also be expected in the early stages of the straining of 

fine-grained samples during the period when the grain boundaries are bèing 
-' 

"smoothed out", and the cc\nditions appropriate to grain bo~ndaI'Y s liding 
"'. 

are being established. 

The measurements of grain size before and after deformation can-

not be used directly to indicate tpe possible importance of grain bound&'ry 

, sliding and of gral.n growth, as 1 the graJns are in general elongated after 

deformation. A simple method'was therefore in~roduced to overcome this 

,difficulty. ~n the absence of either grain growth and sliding, t~e grains . , 

undergo on the average the same defo~tion as thè sâmple itsel~. In the 
\ 0 

present iRvestigationi cylindrical specimens were used which enable' us 

ta write: 

. d,/ - ëf~ exp(- E: o) (5.5) 

di - cr èxp (é /2) 
0 0 

" 
(5.6) 

Il, 

r 
~ 

• 

.\ 
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..,.' ~ 
where do is the init iai grain size ~ . €o the true s,:ample strain "', ,and d" 
and d~ are the Mean grai!1 sizes in the directions p~ral1el and perpen-

dicùIar to the compression axis, respectiv~Iy. 

----J -

If grain boundary slidülg occurs, th en the grains do not deform 

as mucl'l as the sample 

e should be replaced 
o 

and in the aboya equations 
, '1 • 

the true applied strain 

by sorne apparent stràin €l which is 

An equiaxed grain structure ·would lead after straining to 

less than €o' 
J 

€l - O. 

Furthermore, if grain growth occurs concurrently with qefo:rmation, the 
- ~ 

rel'ations are still applicable provided that do i5 replaced by the 

"equivalent çain size" dl greater than do' In the most general case, 

we can use the following relations: 

1 From these relations, ,we can write that: 

, 1 

(5.7) 

(5.8) 

(5.9) 

(S.lO) 
\ 

The comparison between.~ and do" as well as between el and e:
o 
~n thus \ 

provide information 'on the extent of grain gTowth and of grain boundary 

sli'ding. 

'" ln 'thèse equations, the convention that compressive Istrains ~re posi-
tive i5 'followed. f 

,\ 
22&41 
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Grain size measurements were· carried out for various anneal 

times at lOOOoC. The Mean linear intel'cept grain sizes priar to deforma M 

tion were measured, as were the values of d" and d.L which pertain to the 

'deformed samples. Except as otherwise, stated, each, grain size given 

represents an average taken ovel' more than 300 grains. The ll~sults are 

listed in Table 5.10 and à plot of the a-grain size versus a~neal time 

is given in Figure 5.47. The grains begin t<,- gt'ow after 5 minutes ,at 

lOOOoe, and after 3 hours remain approximatelY constant in size, with a 

Mean linear int;ercept value of 0.3 mm. 

S.3.~.1 Gl'a:irn size and yield strength 

We can now attempt to relate the anneal strengthening effect 

ta grain size by plotting the logarithm of the flow stress at yield versus 

that ôÎ the grain size as shown in Figul'e 5.48. J The points tirst indicate 

sorne yie1d stress increase with grain site (with d log a/d lôg d ::: Q.2~), 

followed by a reverse effect for grain shes larger than 0.1 mm. It may 
, 

be assumed thit the softening associated with the large grain sizes Ci. e. 

,those obtained after long anneal, times) is partIy caused by a Hall-Petch 

effect. The data thus indicaie that in the range of small grain sizes, 

it 1s likely that a strain contribution from grain boundary sliding is 

prod1.l:~ed. In the fine'-grained range, conditions may nct be fully developed 

for superplastic flow, for which a d log a/d log d ~ould be expected to 

be around' 1. 0 to 1. S. ' 

5.3.8.2 Grain boundary sliding during deformation 

r} If, for ,grain sizes below 100 ).lm grain boundary sliding ïs opera-

tive, at least to sorne degree, the computed value of the parameter el should 

,~~ '\' 

;""" 
~~r ,)';I.~ 
g;t.,l~_~ ~ 

<, ;r.!;}~)j?iJ!~~~*w~"QIiiIIBS. Ji,~.jC:;:' ,1.". • ,"_-. l ,. L 
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TABLE 5.10 

Grain Size of Zr-lS\ Nb (Bar lSA) forVarious Annea1inŒ Times 
BerOTe and After De%o~tion at 825u e 

Prior Heat Undeformed Deformed at 825°C Comeuted 
Treatment (mm) EO dll(mm) d~(mm) d1(mm) El 

; 

as-rec~ived. 15 minutes 
at 82soe 0.1>20* , 0.5 0.14* 0.2S* 0.02 '.0.49 

annealed 5 minutes at 
. 1000oe~ air cooled. reheated 

15 minutes at 825°C 0.020* 0.5 0.013* 0.25* 0.02 0.5 

annealed 10 minutes at IOoOOe, 
air cooled, reheated IS-minutes 
at 825°C 0.070* .0.5 0.041 0.096 0.07 0.47 

annealed 30 minutes at 
1000oC, air cooled J reheated 
15 minutes at 82Soe 

- 0.096 0.5 0.051 0.08 0.43 0.097 

anJl'ealed rhour at looooe, 
air cooled, reheated-lS 
minutes at 82Soe 0.172 ./ 0.5 0.100 0.190 0.15 0.43 

/ 

annealed 4 hours at IOOOoe, 
air cooled. reheated 15 J / 

minutes at 8250 e 0.25.8 .0.5 '0.144 0.292 0.23 0.47 

annealed 64 hours at IOOOoe, 
IV 

air cooled, reheated 15 0 
N 

minutes a1: 8:2SoC 0.300 0.5 0.219 0.452 0.35 0.49 . 
*These values are approximate since the boundaries of Many grains do not etch weIl. 
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be less than &0 at small grain hzes, and should become progressively 

closer to EO as the grain size increases. The "data of Table 5.7 are sorne:" 

what scattered, but they are not inconsistent with the hypothesis J:hat 

e1/&0 increases with' grain size. It thus appears that grain boundary 

sliding probably occurs in the finer-grained specimens and that it decreases 

in importance as the gTain size ts increased. 

5 • 3.8.3 Grain growth during straining 

The grain diameters dl ca1culated from d" and d~ are listed in 

Table ,5.10. These values agree quite well with the measured ones of d , 
, 0 

indicating no perceptible .tendency towards grain growth during deformation. 

Table 5.11 lists similar data for bar D, of the same Nb composition. The 

grain sizes obtained after five minutes and af;ter four hours agree reason-

ably weIl with those obtain~d on bar lSA. However, the as-received ma'terial 

appeared to maintain an equiaxed structure during deformat.ion, although 

its initial grain size was the same as that of bar lSA. These observations 

indicate that conditions of near superplastic flow, i.e. with strong strain 
Il 

contributions from grain boundary sliding, were attained in this material. 

5.3.8.4 Grain' size and testing temperature 

The effect or testing temperature and annealing treatment on 

the initial gral.n size cl and its evolution with deformation iS given 
1 0 

in Table 5.12. The results indicate that no appreciable grain growth occurs 

during deformation. The values of El obtained after. deformation at lOOOOC 

are similar to the corresponding values at 82s oC. A comparison between 

the flow stresses obtained at these testing temperat~res (Figure 5.38) and 

the initial gl:ain sizé d suggests that the former are markedly increased 
\ 0 

by grain size increase. 
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TABLE 5.11 

Grain Size Measurements of Zr~lS% Nb (Bar D) for Various Annealing Times 
at 10000C, Before and After Deformation at 825uC 

Undeformed Deformed at 825°C Computed Prior Heat 
Treatment (mm) EO dlJ (mm) / d.l(mm} dl (mm) el 

aJ received, IS minutes at 82SoC 

annealed S, minutes at lOOOoC, 
air cooled, reheated to 82SoC 
for IS minutes 

anneal'ed-gO minutes at 1000oC. 
air cooled, reheated to 825°C, 
for IS minutes 

annealed 4 hours at lOOOoC, 
air cooled, reheated to 825°C 
for 15 minutes 

0.020* 

0.020* 

0.215 

0.298 

0.62 

0.52 

0.5 0.142 0'.268 

0.52 0.182 0.394-

, 
* These values are approximate sinee/the boundaries of many grains do not eteh weIl. 
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0.22 0.42 

0.31 0.52 
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TABLE 5.12 

Grain Size Measurements of Zr-lS% Nb (Bar D) Before and After 
Deformation at Various Temperatures 
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CHAPTER 6 

DISCUSSION 

The results obtained on Zr .. Mo alloys, presented in the previous 

chapter~ show that the mechanical properties of these alloys are affected 
,-
by the composition of the atmosphere during tests~ whereas those of crystal 

bar zirconium and the Zr-2.5% Nb a110ys do not exhibit such an effect. 

In this chapter an attempt is' made first to eJq>lain the origin of the very 

high sensitivity to atmosphere purity displayed by the Zr-Ho a1loys. A 
~ 

model is presented, which de scribes in a quantitative manner the observed 
1 

flow softening. The predictions of the model are discussed in the light 

0; the experimentall results. The second part of the present chapter is 

devoted to the behaviour of the Zr-Nb alloys. The unusual cha-racteristics 

of thr high niobium alloys are discussed" and particular attention is pa id 

to those alloys that behave i~ a somewnat similar manner. Various interpre-

tations of the observed flow sof~ening in these a1loys are exarnined and 

criticized. 

\ 

6.1 ZIRCONIUM MOLYBDENUH ALLOYS 

The results of mechanical tests. obtained in the Zr-Mo alleys 
, 1 

have sKbwn a marked effect of the atmosphere upon the flow properties at 

high temperatures. The X-ray investigations carried out on the outer 

layers have made c1ear that oxygen is the major atrnospheric e1ement 

responsible for this effect. We shal1 now turn' our attenti~n to the 

oxidation behaviour of Zr-Mo alloys in order ta explain how these alloys 
-

In a second section of this can be so sensitive to atmosphere purity. 
~ 

discussion an attempt will be made to provide a model fot- the experimental 

" 
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observations, and in the third part of the discussion~ the possible 

mechanisms of deformation of Zr-Mo alloys in the a-phase will be con-

s idered briefly. 

6.1.1 Oxidation Behaviour of Zr-Mo Alloys 

It is clear that the oxidat'ion behaviour Jof the present alloys 

wlll depend on the structure and properties of the ox1dized layers. The 

oxidation products in turn can be determined from the Zr-Mo-O phase 
1 

diagram, if it is known, or at least from a few isothermal sections> if 
1 

these are known. Although this type of diagram is useful for the calau-

ration of ~he compositio;'s and quantities of the phases present, it does 

not yield directly the effect of oxygen partial pressure on the phase 

equilibria. For this p-llrpose, a log Po versus mole fraction of solute 
, 2 , 

con,tent plot is very convenient. Such diagrams have not yet been deter-

mined for the Zr-Mo-O alloy system,'''but can be estimated using a basic 

knowledge of binary systems provided a few assumptions are made. This 

task was carried out and 1s described in the following paragraphs. 

6.1.1.1 The Zr-Mo-O phase diagram_ 

Most of the tests carried out on the Zr-Mo alloys were conducted 

at lOOOoC, and for this reason it will be useful to determine the isothermal 

section at lOOOoC'j The edges of the ternary diagram are constituted by 
l ' 1 

the isothermal sections of the binary phase diagrams Zr-Mo, Zr-O and Mo-O. 

The first two are reproduced from the Metals Handbook in Figures 6.1 and 

2.6. The phase diâgram Mo-O has not been deterlnined, but a few of its 

clements are known. For the present purpose J it was assumed that Zr0
2

, 

Mo02 and Mo03 are stoichiometric and furthermore that thè mutual solubility 

" / 

( ," . -:-~~======---:;:,-~--.rrl~~:!:' :::::::===::±' ==::!I!I ___________________ _ 
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between Zr02' Mo02, ZrMo 2 and Mo is very srnall. It should be noted also 

that Mo03 and Mo02 form a eutectic system. the solution being fused at 
, 1 

lOOOoC. Although the above assumptions are ,likely to be somewhat inexact, 
, 

it is fel t that sinee the" Zr-O side of the diagram is the one of interest, 

the errors involved in the Mo corner will not 

The ternary section obtained on this basis 1S 

extent of the a. e and liquid phase fields is 

be of seritS eonsequ~nce. 

shown in Figure 6.2. '~ 

arbitrary since there iS,~ 

no available information at the present, time that could permit a more 
: < 

precise determination. In addition to this diagram, the molybdenum oxides 

are known to be unstable or subj ect to drastic phase changes. Molybdenum 

dioxide sublimes partly above IOOOoC without decomposition whereas the 
''', 

bulk disproportionates to Mo0
3 

and Mo. The mo1ybdenum trioxide sublimes 

appreciablY above 6500e, becomes liquid around ..BOOoC and evaporates without 

decomposition at around IlOOoe 1 (216). 

6.1. 1. 2 Log Po versus Mo concentration diagram 
2 

The ternary diagram predicts the phase equilibria for an alloy 

of a given composition under a standard oxygen pressure. but fails ta 

give any information about the effects of the oxyg.e~ pressure on the oxi-

dation produets of the alloy. The log Po versus solute concentration 
2 

diagriims, used extensively in corrosion studies J are very convenie~t J and 

su ch a diagram was estimated for the present system. The construction 

of this type of diagram caUs for a knowledge of the various equilibria . . 
between the phases. The topologieal features of this dia~am follow of 

course the phase rule. At constant oxygen pressure and temperature, there 
1 

can be at Most three components in equili-brium in which case the moly-

bdenum content of each phase is fixed (horizontal liiles). TwO-phase 
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1 

---1: -' equilibria have an extra degree of freedom, which may be either the 

composition of one phas~; the other being thereby determined ("eutectoid"~ 

f ' 
-like features) or, if the phase compositions are known, the oxygen pres-

\ 

su~e ,mai be vui~~ (t~o:-'phase ~omains) .. when a Sin~le phase is pres~ 
1 , 

then both co~positio~ and ,pressure may be variéd independent1y. \ 

The log Po versus %Mo phase diagram i-s shown in Figure 6'.3. 
2 _ 

Point A w~s obtained 20m a consideration of the equilibrium: 

, "\i 
, \ 

(6.1) 
l " 

, 

where âGo10000c,a represents the free energy of 'fo~tion ,of 
'... " " ~, 

oxide from 
1 

zirconium in the a-phase. It can, in turn, be obtained from 

(6.2) 

where âGe 
° a .. a 1000 C,B 

i.\G othe free 
1000 C 

is the standard free energy of formation of oxide, and 
1 

energy of the allotropic transformatipn a .. a at lOOOoc. 
. l, 

Taking -845 and ~ -s kJjmol r~spectively as th~ vaiu7s ofjthese quantities (216), 

and .writing the equilibrium conditions as: 
, 1 

1 

AGolOOOO(:,a 
log Po - log K -P RT ln 10 2 

" 
\fe obtain ,> 

1 \ i' 

10~ Po 
\ - 34.7 

" 
~ 

2\ 
1 

'-L.... , 

'\ 

"-, 

\ 

6ï 

(6.3) 
f 

(6.4) 

o 

,\ , 
" 

il 
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f 
1 

Point B can be calcu1ated in a similar way J Ifrom the equilibrium: 

which yields 

log Po Qi 15;0 
2 

366 kJ/mol 

1 -

(6.5) 

(6.6) 

Point C is slightly more difficult to~etermine since at th!s point the 
equilibrium 

is achieved. 

log Po 
2 

6.S 

(6.7) 

, 

l"" - 446 kJ lroo 1 

(6.8) 

The thermodynamic data required to position the other points 
and lines is lacking, whicft compe11ed us to place them somewhat arbitrarily. 

1 • 
It may'be seen, however, that the oxygen pressure must be 1o~ered to 1ess 

\ '7 
than 10- atmospheres to prevent the formation of Mo03J to 1ess than 
10_1~ h "d 1"'d h d 1 th 10. 35 t \ atmosp eres ta aV01 any 1qU1 p ase, an to ess an a mo-\ 

1 spheres to prevent oxide formation : 

6.1.1.3 Oxidation products in, Zr-Mo alloys 
(î) The dia gram thus indicates clearly that -the tësting atmosphere 

was never pure enough to prevent the formation of the .àxides, and that the 
1 • 1 

effect of at~osph~re purity on the mechanica1 properties May have had an 
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effect only through the kinetics of the process. 
1 

216. 
1 

The graphs of Figures 6.2 and 6.3 predict that as oxidation 

proceeds, the 6% Mo alloy in the a-phase will develop an ou~er 

, layer of Zr02 and liquid molybdenum oxides, below which there will be 

another layer of 'Zr02 and a solid solution of molyb~enum o~ides. The 

oxidation layers below will be successively Zr02 + Mo, a + Mo, a + ZrMoZ' 

a + a before reaching the a matrix. In spit~ of the errors involved in 

the construction of the phase diagram, it can be seen that the oxidation 
i 

behaviour is complex, and leads to the formation' ofl liquid p~ases. The 

molybdenum trioxide, moreover, evaporates at a r~pid ra~e at lOOOoe, and 

may thus displace the equilibrium, leading to an outward diffusion of 

molybdenum and its subsequent evaporation. 

The results of the X-ray analysis in Section 5.1 showed acta 

be the main oxygen stabilized phase and indic~ted the presen~e of Zr02 

and ZrMo2• No molybdenum or mOlybdenum oxides were detected, however, 

which May be explained by the s~ll quantitiès ,of Mo as weIl as by the 

evaporation of the oxide phases. In addition, of course, -there is the 

inaccuracy involved in the determination of the diagram~. 

6.1.1.4 Oxidation kinetics of Zr and Zr allors 

The difference in the stress-strain curves obtained from Zr 

(Figure S.Z) and Zr-2.S% ~ (Figure 5.lS) when compared to those obtained 

in the Zr-Mo alloys (Figures 5.3 to 5.5) have been shown to be dependent, 

upon atmosphere purity. 

These results ~uggest that Zr-Mo alloys oxidize at a considerably 

faster rate than pure zirconium and zirconium-niobium alloys. If the 
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structure of the oxide scale'on Zr-Mo alloys contains a liquid phase, as 
1 

predicted by the diagrams of Figures 6.2 and 6.3, oxygen transfer through 

the oxide will be achieved at a rate orders of magnitude larger than 

oxygen diffusion through 1attice defects in a continuous oxide scale. 

The structure of the oxide layers on the Zr-Mo alloys will cause,what has 

been ca1led catastrophic oxidation. The deleterious effect of molybdenum 

on the oxidation resistance of certain alloys has indeed been alr~ady 

observed. In Fe-Mo-Ni and Fe-Mo-Cr alloys rapid oxidation occurs in a 

certain range of compositions (217). Ra~henau and Meijering (218) have 

studied the catastrophic oxidation of Cu, CuBAI, Ag, Ag4Al, Ni, Fe-2SCr 

and 19Cr9Ni ste/el when heated up in contact with molybdenum triox~de. 
, 

They found that rapid oxidation started only at a definite temperature, 

d-ifferent for each alloy, which was associated with either the appearance 

of liquid phases (binary or ternary eutect'ics) or with the liquid, phase 

dissolving the protective oxide. 

It is not clear, however, whether the oxygen mass t+ansport 

'through the liquid phase is entirely responsible for accelerat-ed oxidation, 
, \ 

and it has been shown tpat electron transfer in the metal/partly liquid 
• 1 • 

oxides/oxygen aIl could affect significantly the oxidation rates (219). 

The oxidation rates of the zirconium-niobium alloys, by contrast, 

is comparable to that of pure zirconium (see Section 2.3), being only 

about five times higher. The oxides that may forro, Zr02' Nb02, Nb20S' 

NhO, or sorne mixtures of these oxides are aIl likely to be in the solid 

o state up to above '1000 C and, as the oxidation rates show, offer a 

relatively good oxygen barrier. Pure zi~{~nium is th~ least reactive 

material. The observation of the scales formed after 60,000s interruption 

on the Zr-Mo alloys indicates that the a-phase is the most important 
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constituent. The diffusion through the oxide must be much faster than 

it is for pure zirconium, on the one hand, but must be slow ~nough to 

permit the growth of the a-layer. In other words, the oxygen flux 

arriving at the a-oxide interface must be less or equal to the diffusion, 

flux in the a-layer. 

6.1.2 Effect of Interruption Delay in Zr-6% Mo Alloy 

The strengthening effect caused by delay during interrupted ~ 

, . 
compression tests increases with time (Figure 5.11). The most appropriate 

parameter to indicate the extent of the strengthening is ~a, which is the 

difference between sorne appropriate reloading stress and the stress 

before unloading au' . ~a has the advantage of ellminating sample-to-sample 

differences in strength, leading to the environment stress increment alone. 
" 

However, several 1a paramet~rs can be defined, depending upon 

which stress on reloading is 'chosen. Thé yield-stress can be chosen, but 

is in general close to the pe~k stress ap' Since the latter \ i's easier to 

measure, a peak stress increment ~ap - ap - au can be defined. The para­

meter ~ap. does not give, however, any information about the stress af'near 

the lower yield point at which the flow becomes smooth. The stress af is 

defined by extrapolating the smooth curve obtained beyond the peak towrrds 

zero strain and taking the point at which it intersects the loading curve. 

The stress increment Aaf - af - au obtained in this way is plotted in ' 

Figure 6.4 together with ~ap. The in sert in ~igu7e 6.4 recalls the signifi­

Îcance of the stresses used to calculate the ~a values. 

Apoth~r stress increment ~as of interest has been plotted in 

Figure 6.4. It is defined as ~as u - a. - as where a is the flow stréss 
1 ,} s 

• 
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at 0.7 strain in a continuous stress-strain curve, and cr. the flow stress 
1 

at a similar strain,in the interrupted curve. On Figure 6.4, the values 
,1 

of ~cr appear the most scattered. For short delays, there i5 no yield 
p -

drop and the:-values of â"p are similar to those of â"f. The p.~ints 

representative of ~crf follo~ approximately a 5traight line of slope 0.65. 

Thu5 the strengthening at the lower yield poi~t fOI~ws an equation of 

the type 

l. 
(6.9) 

Similarly, the values of ~cr , which give an indication of how much of the 
5 

5trengthening caused by the delay is maintained at a strain of 0.7, can 

be fitted by a straight line of slope 0.34 so that: 

~" - k t
O•

34 
s (6.10) 

There is a fairly large scatter in the values of ~cr when a straight line 

fi~ is achieved. It is not, however, surprising since the oxygen pressure 

in the testing atmosphere could not be carefully controlled, and therefore 

". probably varied significantly from one test to'"the next. 

The presence of a large yield drop after long interruption 

delays i5 probably caused by the collapse of the oxide layer. It is of 
r 

interest to note that in pure zirconium, after a 60,000s delay, no yield 

drop is observed. This is consistent with the conclusions of the discus-

sion of the oxidation behaviour of Zr and Zr-Mo alloys, in which it was 

predicted that Zr-Mo alloys should have a thicker oxide scale than pure 

A thick oxide is likely to affect the mechanical properties 
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..... 
more than a thin one. In the stres~~~train curves of Zr-Mo alloys in 

Figures 5.:5 to 5.5 1 the yie Id drop ,is observed only in a few cases. A 

very slight deformation inhomogeneity in the ear1y straining region can 

easily resu1t in the disappearance of the peak if the oxide cracks 

p~ogressive1y from one part of the samp1e 

~t~a"this ~OUld have very easily happened 

6.1.:5 Strain Softening Behaviour , 

6.1.3.1 Alternative approaches 

ta the other, and it is fe1t 

in some cases. 

~ The simples~ way to approach the mechanical behaviour i5 to 

consider the sample as a composite consisting of two separate parts, the 

B-core and the ~-layer, each one bearing part of the load. This assumption 

is not unrealistic in that the ~-layer appears to be ductile at lOOOoC, 

and under sorne test~ng conditions achieves a thickness capable of making 

it contribute significantly to the overa1l strength. This approach assumes 

that maintaining the coherency between the a and B does not impose plastic 

constraints which result 4n an appreciable effect on the flow streii~ 

The alternative approach is to" view the load bearing capacity 

,~f the a-phase as being negligible, which is probably 'true when its thick-

ness is very small. The strengthening effect of the a-phase in this case 
1 

can be considered as arising, entirely from the plastic consÙ'aint e~erted 

by the a-film on dislocations in the B-materia,l. The calculation of the 

effect of this surface film on the flow curve of the 6-material i5 in this 

case extremely complex, and we shall only discuss a few element5 of the 

fbm model. 

The actual situation can be expected to lie somewhere between 

Iii 

these t\~O approaches, and the simple load bearing model will now be examined 

.~ .... 1.., _,' 
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more closely tQ permit an estimate to be made of the real behaviour. 

It should be noted that the effect of the oxide layer itself 

will not be considered in these models. As has been shown earlier, it 

appears that the effect of the oxide layer i5 essentially to cause a 

sharp yield drop te occur, after which it does not influence the behaviour 

1 with further strain. 

6.1.3.2 Load bearing model 

Here the sample is considered as a composite, and to be consti-

tuted of a a-core with a flow stress cre and an outer a-layer. The compo­

sition, and thus the strength of the a-layer varies across it but we shall 

assume an average flow stress aa' 
'0 \ 6-

The calculation of the flow stress assumes that the strength of 

the composite is the appropriate surn of the s~rengths of the a and a phases. 

At a given strain E, the flow stress & of the composite will therefore be 

2 
21TReO'a 1TR 0'13 + 

a :1 

1TR2 (6.11) 

ae + 2e 
~a :1 -a R a (6. 12) 

where e is the thickness of the a-layer and R the radius of the sample 

at a strain €. It is also implicit in this approach thàt R » e. 

The f~ow curves of the a-and a-phases are represented schematically 

in Figure 6.5 J and are typical of metais undergoing drnamic recovery. J'he 

a-phase, being saturated with oxygen, will be several times strong~r than 

the a-phase. Beyond a strain € the flow curves of both phases show a 
s 

steady state regime in which the flow stresses d~not vary with strain 
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and take the values Os and~'Q' Below the strain e , 00 and a both a s~ 5 ~ a , 

increase with strain. Reca11ing that the sample radius R varies _with 

strain according to R - Ra exp(e/2), Equation 6.1~ then becomes: 

a - a sa 

2e ' / -if'" ~a(€) exp(- e 2) 
o 

~ a exp(- €/2) R, Sa o 
ife:>e: 

5 

(6.13) 

(6.14) 

Thase equations represent the expected stress-~train curve of the composite • 
.!l" 

l 
However, no information has )fet been given about the variation of ,e with , 

\ 'l, 

'"" d .' strain. Severai hypotheses may now be considered: 
-

i. The volume of a-phase remains constant' with deformation. 

In this case e - eo exp(+ e/2) where eo is the thickness of the a-phase 

at zero strain. The ratio e/R is then independent of strain and equal to 

coIRo' Inserting this value into Equations 6.f3 and 6.14 we ob$erve that 

for e < ES' a will increase with strain, as a result of the strain 

dependences of OB and 0a' and for e > e:s' cr will be independent of strain. 

According to this assumption, the experimental softening cannot be explained. 

ii. The experfmental observations of undeformed and defQrmed 

samples suggest that the thickness of the a-phase does not increase with 

strain, but appears to remain approxima te Ir constant. Under these condi­

'" tions, the flow ~rves'will be described br Equations 6.13 and 6.14 wi;h 
,,-

e constant and equ~l to eo' 'A phrsical exp1anation of this behav~our will 

be suggested in Section 6.1.3.5 below. A strain softening component is 

then introduced by the exponential term~ and th!s model is in fact able 
j 

to predict or describe'flow softening. As the present experiments were 
! 



o 
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o 

aIl carried out to strains of less than 0.8, the exponential can be 

approximated by the first terms of its TaYlor expansion. Equations 

6.13 and 6.14 can therefore be rewritten in the form: 

IJ - a sa 
2e 
---2. cr (1 
R sa o 

e/2) 

if e < es 

if e :> e 
s 
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(6.1S) 

(6.16) 

In Equation 6.15. the overal1 flow stress results from a balance between 

the term that increases with strain and the decreasing term (1 - e/2). 

and will in general increase with straid. On the other hand, Equation 6.16 

pred;cts that. beyond 

with a slope equ~l to 

€ the stress will decrease li~early with strain. 
se 

o 
- - cr • 

Ro sil 

6.1.3.3 Predictions of the load bearing model and the stress-strain curves 

The mode1 will'now,he app1ied to the strain softening observed 

in the Zr-Mo alloys. Let us consider first the case where the strengthening 

of the a-phase was maximum, i.e. for interru~ted tests carried out on the 
" ; 
~. -3 -1 

Zr-6% Mo alloy at 10000e at a strain rate of I.SxlO s • The f10w stress 

of the S-core can be taken as IJ
S 

- 20 MN/m2 from the steady state vaIue 
,a 

of the uninterrupted curve, the radius R is 4 mm, and the thickness of 
o 

the a-layer was measured ta be about 0.5, 0.25, 0.1 DUn for delays of \\ 

60,000. 30.000 and 3.000 seconds, r~ppestively. The value asa is not known, 

but it can be derived from Equations 6.15 and 6.16. Figure 6.6 gives the 

stress-strain curves observed versus those calculated, assuming € to be s 

sma11 enough to neglect the work-hardening region, which represents an 

oversimplification as some 15 observe~ the experimental curves. 

\ 
'1 
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Considering the simplicity of the model, the agreement between, the pre-
• 

dicted and the observed curve is very good using cr .- 70 MPa for the 
sa 

curve obtained after a 60,0'00s delay. For a 30,0005 delay, the same 
\ 

\ 

stress cr again correctly predicts the flow stress using eo - O. 2S mm. " sa , , 
~ , 

" Pur"her, for the \ 3,0005 delay curve, the stress is again correctly pre-

dicted using e - 0.12 DDll. 
o 

The match between the predicted and the observed l curves is' 

considerad 50 far ta be very satisfactory, in spite of the model not 

predicting the observed slope decrease with Istrain. The most encouraging 

finding from ~hê fit of the model ta the experimental data is that the 

stress lOS - 70 MN/m2 is not unrealistic and in fact close ta what cauld 
a-

be exp~tted tram such an oxygen saturated phase. This value together with 

a roughly correct prediction of the slope, lend support ta the load be~ring 

model. Figure 6.7 shows the curve predict'ed by the model~ eompared with \ 
<;/ 

the experimental one in pure zirconium s~bjected to a 60,0005 delay. The 
j. 

;,;4' cald.tlated curve was obtained ~sing (J~ - 4 MN/m2, e
o 

- 0.25 mm, Ra )'_. 4 DIJn. 

, / 2 ,d Cisa -. ,70 MN m. Although the relaUve error appears much larger, 

the absolute difference -between predicted and obsel'Ved value remains of 

the same arder, i.e. ~ 2 MNl.m2. The comparison between the preJicted cutve 

and the observed ,one for Zr-6% Mo at IOOOOC, uninterrupted' is shown in 
, 

Figu:re 6.8. Her,e again the agreement is satisfactor)r using eo - 0.15 mm; 

the other variables having their usual value. 

l , 

,6.1.3.'4 The ldad bearing model and the trxperimental variables 

1. s.train rate 

This model will enable us ta understand the effects of strain 
, 

rate on the mec~anical properties of,the alloys. The flow stresses J06 
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and O'a are strain rate and temperature dependent sinçe the deformation 

"is therma.l~y act~vated, and their variation will follow the empiricai 

rate equations with different stress exponents. ' (This is to say that 

the deformation mechanisms are different in the Cl and the a phases.) 

Moreover, e: 
/ S 

will increase with € and decrease with T. In a first approxi-

mation, O"s'" and a ~ will follow 
• p sa 

about the same e: dependence. As 

a l'esuIt, from Equation 6.16, we see that (1 will be temperature and strain 
e 

rate1dependent. The slope - RO a sa will incl'ease wit8., e: in absolute value, 

• 0 . eo cr sa . . 
as does O"sa, but the reIatlve softemng R -cr- wlll be approxlmately constant 

0' se 
with e:. Qualitatively these predictions agree with the experimerital results. 

The increase in e: s with strain rate should resuit in an incl'ease i~ the 

extent of the work-hardening region with e:. The oxide break-up taking place 

at the yield strain in every instance, the yield drop should be foilowed 

by "a work-hardening region at high strain rates. 80th pr,edictions are 

observed in Figure S.S. At the highest e:, the work-hardening rate may be 

high eno.ugh to mask the st.ress drop caused by the oxide break-up, as was ,-, 

~i. The effect of temperature i), mo;e ~ol!lplex. \Not only are 

asa' asa and e: expected to vary ~with têmperature, but e should decrease s _~--- 0 

when the testing temperat~re is decreased from IOOOoC ta 900o~. As a 

resu1t; the stresses should incl'ease liith temper~tu,.re decrease, but the 
e fj 

relative softening RO osa should decrease as \'1el1. 1 This is not observed, 
o se 

which indicates that in this matter the load bearing model is not entirely 

adequate. 
f 

The present mode 1 does no~ exp Iain the origin of the work-. 
<-

hardening observed in Fi~'re~5.3 to 5.5, \1hich is considerably larger 

". 
1 j 

1 
! 

1 
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in amobnt than those of each {component alone. In the interrupted curves J 

work-hardening is not observed upon reloading, in contradiction with the 

1.5xlO-3s- 1 . 
, 

curve of Figure 6.5, where ES is typically > 0.1 at € -

Hi. Effect of solute concentration 
{ 

Solute concentration affect~ O'a as sh?wn in Figure 5.10 and aiso 

determines the a-phase thickness eo through its effects on the oxiJation 

rate. Experimentally. however, it 1s found that e dbes not increa~e 
o 

appreciably with Mo content from 2 to 6%. The stress O'sa will not be 

very sensitive to molybdenum content since' oxygen is by far the 

important solute. As a result, the ab~~l~~e softening 
.. -t:/ 

is similar to that in the 6% Mo alloy . 

.. iv. Effect of oxygen partial pressure 

élu 
inAlower 

most 

The effect of oxygen partial pre~sure arises only through its 
f 

effect on the thickness e of the oxide layer. For the purest atmospheres 
o 

(Figure 5.14). eo is close to zero and as a result no apprecia.ble softening 

is observed. The existence of a yield drop at e: - 1.5xlO- 2s· 1 and 

- l.5xIO·
4
s· 1 indicates that there is sorne oxide formation and break-up 

during the onset of straining. 

v. The effect of delay time has been descri1;>ed earlier. F~ ..- , 

the present discussion, it is of interest to relate the oxide thickness 

e to the delay time. If we assume that the thickness of"the a~phase is 
o 

• controlled by diffusion through the a-layer, then 

e 
o 

(6.17) 

/ 
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'1 
/ 1 

where t is the time and k a constant. In5erting this value into Equation 6.14 

we find 

·(6.18) 

o - aB is the paramet~r that was defined as Aa in Section 6.1.2, and thus 

k t l !2 
.. 

t.c
f - at zero strain (6.19) 

and 

t.as - k 't l !2 a:t e: - 0.7 (6.20) , 

This is in reasonable agreement with the experimenta1 results, which yie1ded 

Aa - k tO. 65 and 60 _ k'tO. 33 • 
f 5 

6.1. 3.5 Interpretation of the observed constancy of e 1 

The model described in the previous paragraphs explains in a 

satisfactory manner most of the deformation characteristics of the Zr-Mo 

alloys. One of the bases ort. which it rests is the experimenta1 observa­

tion that e, the thickness of the a-phase layer, remains independent of 

strain. ~is has not yJt been interpreted. The hardness curve,· Figure 

5. 17, seems, t,o indica te tha t no appreciab le inwarçls oxygen diffus ion take s 
~ h 

place during deformation, since it wou1d aff~ct the hardness, hardness 

being very sensitive to oxygen content in Zr a110ys. Thus, during deforma-

tiàn it seems unlikely that the a;::!t a interface moves towards the s,:!rface 
\. 1 Il 

of the ~ample as a result'of acceleratéd' diffusion. The other possible 
t 

way by which the thickness decreases so as' to match the ·increllse that 

would result by deformation 15 through a displacement of the oxide-a-

1 
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,. 
cracks, thel'eby no longer protecting 

will proceed to form oxide at the (J 
interface. During yie ldlng J the oxide 

the a .. phase. The increased oxygen '"flux 

expense of the oxygen rich a, a process which may not need high fluxes. 

The oxide is continuously broken,by deformation which renders the process , 
nearly linear with time, and thus with strain since the strain rat~ is 

constant. 

A more detaHed investigation of the causes of constancy of 

the a-layer thickness with strain is still needed J however, to lend support 

to this hypothesis. If e , for example, aètually.decreases with e, as a 
\ 

resul t of the crack~up of oxide, thel\ the higher rates of flow softening 

observed would be fully accounted for. 

1 
6.1.3.6 Surface film model 

The 1041d bearing model has been shown to be capable of explaining, 

at least qualitatively, most of the features of the high temperature deforma~ 
\ 

t ion of the Zr-Mo alloys. H~we;ver, there are still a few mi~or points that 

are left unexplained by the load bearing\ model. Por example, the work-

hardening region in the Zr~Mo alloys was found to be less extensive at 

intermediate and low strain rates than it aught ta have been if the flow 

stress had been a )inear function of the stresses of the a and S phases. 

~e surface film model considers that the a layer affects the 

flow stress by preventing the egTeS$ of disl~cations at the surface, thereby 

restricting slip. When a load is applied to the sample 1 shear stresses 

are generated on the slip planes and, in the nricrostrain} Tegion, fTee dÙ­

locations glide over short distances until they are arrested' by obstaèles 
, , 

such as grain boundaries. If the stress applied to 'the sample is increased 

toi the'yield point cre of the a-core, slip begins ta take place, but is soon 

1 
l, 

, , 
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5 opped as the Slip dislocations, cannot egress at the sample surface. 

9islocation pile-ups are thus generated near the a-B interface. The 

Jample will yield only when the applied stress 15 sufficient to generate 

JliP in the a-phase, thereby forming a slip step on the surface of the B-
I 

phase. 
\ 

Near the yield point, the Frank-Read sources will generate more 

d~slocations than they would have done at a stress O's and thus ~ higher 
1 

dfslocation density is obtained at the macroscopic yield stress cr. This, 
1 

iJi turn, causes higher rates of work-hàrdening, and eventually the steady-
1 \ 1 

state flow stress of the 1\1aterial settles ta a higher level than that of 
1 
1 

an \ unoxidized sample. 

\ 
The quantitative description of the effect of a plastic constraint 

on the mechanical propertie5 is extremely complex, and sa only an abbreviated 

tre~tment will be attempted. The shear stress Th at the head of a pile-up 

is \(220) 

\ /' ~, 

\ /~ - nT 
\ • h a 

\ _ I~T2 
Th J.Ib a 

\ 

(6.21) 

(6.,22) 

is the applied shear stress in th~ slip plane, n the number of 

dislocations in the pile-up, L the length of the pile-up, u the shear 

modulus d b the Burgers vector. 

~e stress generated at,the head10f the pile-up ca~\generate 

slip in the\~Phase in tW'o ways. The most èommon one i5 by acting on a 

~ neighbouring rank-Read source in the a-grain. The stress generated by 
1 

\ 

the pile-up whÜ:,h i5 requ~r~d ta activate the Frank-Read source will 
\ 

generally depend upon the distance fr'am the source ta the pi1-e-up through 
\ 
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a stress concentration factor, the distance between the ançhoring points 

of the source and the geometric orientation of the slip plane. The 

... second mechanism comes into play if no Frank-Read sources can be activated; 

in this case the local stress can reach the theoretical shear strength of 

the a-phase, and punch a dislocation into it, i.e. nucleate a dislocation 

homogeneously. 

When glide has been initiated in the a-phase, if the a-film is 

monocrystalline, the dislocations can emerge onto the surface. The stress 

at the head of the pile-up will have to be greater than a cri tical value 

T to generate slip in the a-phase but the effect of the thickness of the 
c ~ 

a-phase will not be likely to be important. On the other hand, if the a-

layer is polycrystalline, the propagation of slip to the other grains may 

'or may not introduce a strengthening component of the Hall-Petch type. 

As can be seen, this approach does not lend i tself easily to a 

calculation of the effects of the a-phase on that of the 6. Qualitatively J 

howe~er J it can predict higher work-hardening rates than could be expected 

in unconstrained phases, in agreement with experimental observations. 

One method of determiiHng the extent to which plastic constraint 

'contributes to the overaU strengthening would be the domparison of the 

subgrain size (and sub-surface dislocation density) of deformed samples 

having an a-layer with reference ones which have undergone a similar 
, , 

deformation in an ultra-high purity atmosphere. Since the flow stress 

is directly related to the subgrain size (Equation 2.1) the difference 

in subgdin sizes would be a measure of the dislocation strengthening 

mechani'sm . .. ' 
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6.1.4 Deformation Mechanisms in Zr-Mo Alloys 

This section will C01lDllent briefly on the mechanisfus-Jcontrolling 

deformation in the Zr-Mo alloys. The values obtained for Q were about ,155 and 

105 kJ Imol for yield and steady state flow respectively.t for the 1. 9 and 
" , 

\ 

6% Mo alloys. The data were not detailed enough to give any indication 

of the variation of Q with stress, which is pronounced in a-iron. silicon 

.. steel (47) and a-zirconium (17). The higher value obtained at yield cannot 

be directly attributed to the effect of the a-layer because the strengthening 

imparted to the alloy by the 'latter does ,not vary sufficiently with tempera:" 
, 

ture and does not contribute more than 20% of the flow stress. It is of • 

interest that the value of Q is rather low and compares with those for 

self-diffusion in bec metals. The activation energies for self-diffusion 

range from 125 to 205 kJ/mol in S-titanium (221,222), 113 to lZl kJ/mol 
• 

in y-uranium (221,222.223), 92 to 280 kJ/mol in a-zirconium (224) and 88 

té Zf2 kJ/mol in 8-zirconium (225.226,227). The activàtion energy 

for molybdenum diffusion in a-zirconium is not known, but that of niobium, 

._~ neighbour on the periodic' table ranges from 108 kJ/mol at low temperatures 

« lOOOoe) to 197 kJ/mol at high temperatures (> l300oC). 

The climb theory of dynamic recovery predicts Q <:t Q self-diffusion· 

~ which is approximatelY observed in the present work. For creep. the activa-

tion 'energies for S-Zr range from 134 to 188 kJ/mol (228,229). which again 

is close to self-diffusion. On the other hand, the climb theories do not 

predict the steady strengthening that arises from the addition .of solute. 

It i5 not therefore possible to come to a definite conclusion about the 

precise mechanism which i5 rate-controlling, and ÏIIuch more detailed know-
')-

ledge of the activatiad parameters-will be required before such an insigh~ 

can be obtained. 

. ~ 
l 

.1 

1 

1 
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6.2 ZIRCONIUM NIOBIUM ALLOYS 

In this section an attempt will be made to throw sorne light on' 

the causes of the flow softening behaviour observed in the Zr-Nb alloys 

containing more than 2.5% Nb. In addition, the cause Ç>f the variation 

in strength with annealing time at 10000 e will be discussed in detail. 
1 

6. Z.l Position of the a + a ~ S Transus 

Optical microscopy has shown, as have the X-ray investigations" 

that, in the presence of oxygen, the a-phase can be retained up to 82S oe 

in the 15% Nb alloy. The amount of the ex-phase appears to decrease with 

temperature but not very rapidly. These resul ts agree with those of 

Richter et al (214) with regard ta both the phase proportions and their 

morphology. The above authors attributed the enhanced stability of the 

a-phase to the oxygen present in the alloy, whi6h gives the alloy a pro-

nounced ternary character. The results of these workers can be used to 

construct isotherms of the Zr-rich corner of the ternary dia gram Zr-Nb-O 

shown in Figure 6.9. It can be seen that, at about 800oe, the extent of 

the a-phase field appears severely restricted by the presence of oxygene 
1 

This gives a further indication of the strong effect of .oxygen on a + B;:::B 

transus of the Zr-Nb system. 

As far'as the mechanical properties are concerned, the sma1! 
, 

o 
amount of a-phase present at 825 e and the apparent absence ofo'morphology 

change during deformation indicates that it does not parficipate in a 

central way in the deformation and softening process. Moreover, as softening , , 

is still present at 925°C and above, temperatures at which the a-phase 

is absent, mechanisms involving the a-phase can be ruled out as candidates 
• 

responsible for the flow softening. 

" ; (1" 
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" 6.2.2 Flow Softening Mechanisms and the Observed Behaviour 

The experimental results pertainirig to the high Nb alloys 

presented in the preceding chapter have shown that the cYbserved anneal 

hardening and flow softening do not have a simple explanation. However, 

before proceeding any further J i twill be useful to review some of the 

flow softening mechanisms, and to consider whether any of the conventional 

ones can be responsible for the effect. In this way, the need for a 

further mechanism, hitherto undescribed can be established. Such a 

mechanism will, in fact, be proposed later. 

6.2.2.1 Dynamic recrystallizati~m 

This is a- mechanism which produces nearly equiaxed grains; its 

opera'tion is preceded by a region of work-hardening, t,he extent of which 

increases very marked1y with strain rate as well as with solute concentra-
; i 

tion. None of these features are apparent in the present observations. 

Furthermore, one could expect this mechanism to be operative in the 2.5% 

Nb alloy as well as in unalloyed zirconium, since alloying usually makes 

dynamic recrystal;lization more difficul t (20).' For these reasons it can­

not be considered, as a possible mechanism in the Zr-Nb system. 
\' . 

6.2.2.2 Texture effects 

The texture determi'nation that has been carried out on the 10% 

Nb alloy has shown that the texture dO\3s not change drastically with strain 

and furthermore its evolution should lead to a strengthening rather than 

to flow softening. It is perhaps redundant to note that the various 
, 

strengthening and softening effects observed upon annealing cannot at a11 

be predicted by texture changes. 
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6.2.2.3 Ostwald ripening ) l f 
The curves of Figures '5.37 and 5.38 are similar to those which ._ 

"-are obtained when precipitation and overaging take place. The increase 
\ 

'\ 
in flow stress at short times can be attributed to the formation of pre-

cipitate, while the flow stress decrease at longer times can arise from 

Ostwald ripening of the second phase particles. According to this view l' v 

precipitation should take place at' .1000oC, in the present alloys l' land the 

flow softening would be attributed to particle coarsening. This hypothesis, 

however, is not supported by the results of the X-ray analyses which do 

not indicate the presence of any phase other than S at lOOOoe. The micro-

scopie observations agTee with the X-ray results," since no precipitates 

were observed, even for the overaged and deformed conditions, for ~ich 

the precipitates ought to have been visible optically. Furthermore J the 

chemical analyses of these alloys indicate an impurity level which is too 

low to al10w the possibility of any massive precipitation. \ For these , 

reasons, it can be conciuded that the softening behaviour cannot be attri-

buted to precipitation and ageing effects . 

• 
6. 2.2.4 Grain boundary s!id ing 

The extent of grain boundary sliding in Zz:-15% Nb has been 

" determined from grain size measurements in Section 5.3.8. It is relevant 
~'>- • 

to the present dj.scussion to point out that no grain size refinement has 

been detected during deformation, under the conditions which caused an 

appreciable grain bOUndary sliding effect. In consequence, flow softening 

cannot be attributed to thi~ mechanism, except for a smal1 decrease in 

stress at low strains that coulâ be caused by the /,smoothing out" of th~ 

boundaries. The flow curve of the as-received bar~ D tested at 82SoC 

,. 
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J 

(Figure 5.33) brings support to this conclusion. Thi,s materia1 maintained 
• 

. a nearly equiaxed grain size during deformation~ anc;i deformed under a flow 

stress weIl below that of coarser-grained material. However, flow 
1 

softening is nearly absent in this case, which ind,icates that flow .. 
softening essentially arises from deformation processes that take place 

) 

within the bulk of the grainslthemselves. 

The increase in strengtlt of the alloy with co~sEg!1ding grain 

growth during annealing experiments mir be due to a significant exteht 

to the progressive disappearance of, grain boundary sliding, but the decrease 

in strength that takes place after very lo~g anneal times must be attri­

buted to another mechanism. 
1 

6.2.2.5 Other mechanisms 

The other possible mechanisms are clea5,lY not' applicable to the 
... 

present ,case. Any substructure present can be expected tOlhave been reduced 

to a low density as ~ result of prolon~d annealing at lOOOoC~ The str~in 
rates are too low for any adiabatic, heating effect to occur and ~heroidi-

zation of a second phase is excluded in these single phas~.alloys. Further­

more, below 9~~oC, the sOftening cannot be attributed to environmental , 
reactions, as was the case "for Zr-Mo alloys. 

It thus appears "that, as far as anneai hardening is concemed, 
1, 

grain c~a~sening can be eonsidered,to be at least partIy responsible • . 
As regards flow softening, of the classical mechanisms, on1y t~e "sm.oothing 

of the grain boundaries" ~ preceding su~erplastic flow i5 Ijf~y "to have any 

influence on the flow curve, and th~s is likely to be a minor effect. We 

~i thëre~re search elsewhere for a full rationalization of this effect • 

\. 
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6.2.3 Abnormal Features in the Zr-Nb Alloys 

In the previous section, -it was suggested that none of the 

classical flow softening mechànisms can be ànvok~ t~ explain the present 
# ".~ 

results. That is, no single mechanism appears to account for 80th anneal 

hardening and anneal flow sof~ening. As a consequence, there may be an addi-
, ~ 

tional mechanism which i5 peculiar to the Zr-Nb alloys, and whose opera-

tion gives rise to the obse~ed behaviour. The identification of t~i5 
, 

meèhànism is rather\difficult, aithough sorne help i~ available, because 
\ 

such special mechanisms can be expected to lead to an unusual bepaviour 
\ , .. 

in other respects besides the strength and flow characteristics. For 

this reason a careful examination of the pther abnormai properties observed -. " 

in these alloys will now be undertaken. 

The microstructures of the Zr-lS% Nb alloy annealed at lOOOoC 
";; .. 

"'-

l 
- J 

1 

and cooled at the same rate from the a-phase present an unusual evolution -.. -----, 

wit~ annealing time which has been described in detail in Section'S.3.S. 

The a-phase morphology was observed to vary marked~y with anneal time. . , 

The a-particles formed during cooling subseq~ent to a ,short anne~l were 
\ 

~ round and small~ An increase _in anneal time changed the morpholob- into 

plates Qf larger dimensions; which. with longer anneal times, turned into 

more massive and equiaxed particles. This indicates\ that the solution 
~_ 1 

time significantly affects the transformation kinetics and morphology, 

independently of grain size. 

These r~sults, puzzling as ,they may seem, have been observed 

before in Zr'and Ti alloys. Higgins and Banks (230) found that, in a .. 
Zr 2.5% Nb alloy, the isothermal transformation rate in the 72,lf800oC 

, 

temperature range was fa~èr for a a solution temperature of l0400 C than 
, (;1 

for a IOSOoe anneal temperature. They attributed this effect to a c~ustering 
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process in the B-phase which could have accelerated the nucleation rate. 
~ 

Hunt and Nies'sen (231) on the other hand~ 'determined continuous cooling 

curves for some Zr-Nb alloys, but did not find any effect of solution 

temperature on the, transformation kinetics. They varied the so\ution time 

from a fraction of a second up to one hour without observing any chànges 

in the transformation rate. However, they found that the temperature at 
\ , ' 

wh.ich, the transformation began on cooling in~reaséc! with cooling ràte~ • 

d h ' d h' . t fIt' 'hll . . h fI an t ey lnterprete t lS ln ems 0 a c us erlng mec anlsm l.n t e 0-

lowing manner. A slow rate of coo1ing should maintain equilibrium 
\ 

clustering at aU temperatures, thereby leaving the a~oy in ,its Iowest 

free energy state. A fast cooling ~ate, on the other hand, by not allowing 

equilibrium clustering to be attained should increase the free energy of 

th~S-phase and therefore increase the Itemp~Fat~re ai which the aLphase 

nucleates. This requires a very- substantial variation of free e'nergy 
\ 

in order to offset the decrease in the transformation temperature that is 

caused by an increase in cool~ng rate: 

Rizkall~ (232), studying the mechanical behaviour of Zr-2.S% Nb, 

in the a +B phase reglon observed $ome effects of the B solution time 

on\ ',the flow ~tres\ and microstructur'e. ~ The,alloy was heated up:vto 

1000oC~ maintained for 101 minutes at that temperature, cooled down tô 
• _0.-1 

~ a' COO~ing rate of 62oC!min an~".quenched. He found that a decrease 

in heating rate results in a coarser Widmanstatten structure after treat-
\ 

ment. After very-1s1ow h~ating rates, a continuous network of 

~ on the > f~rmer 

,from the a-bo~di.éries 

S-boundaries. 

(side-plate_s) • 

The a-plates then nucleate preferential1y 

When t~ese structures aré at 

72SoC. Rizka11a found that the coarsest structure 1eads to the 10 est . , " : - ( 
strength •• jHe '~,t~~ .able, however, to ,give a satisfaetory 

l , 

o \ 

, , 
i 
1 

,,1 
\1 
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of the effect of heating rate, but it may be speculated \that an oxrgen 
\ 

segregation effect could. lead to a similar result. 

In Ti-~r. alloys, McQuillan (233) observed that 8-decomposition 
\ 

was markedll affected by the time and temperature ~f the 8-treatment. she 

suggested that prolonged heating at temperatures towards the lower limits 

of the a-field could give rise to the formation of chromium-rich clusters 
1 

which would in turn promote the faster precipitation of TiCr2 upon cool~ng. 

The validity of McQuillan's results has be;n tested by Margolin et al (234) 

on a Ti-8% Cr alloy. They heat treated the alloy 50 as to minimize or 

to maximize clustering in the following manner. The alloy was given a a­
l 

anneal an~ then subsequently given one of the following three treatments: 

i. quench down to 700°C (just above the a + a ~ a transus for 
o ' 

this\ alloy), hold at 700 C there for fro'm two hours to one week, water 
1 

quench; 

'-r' 
ii. ' transform isothermall~ at SOOoC for from 30 seconds to six 

days J quench; 

iii. treatment (i) followed by a quench to 500°C fOll0(ed ,bY 

treatment (H). 

~ The microstructures showed that treatment (i) did not produce 

any a~~eciable change in the structure with time. ~t treat~ent (ii) 

, showed t~at ~he precipitation of a was insign~ficant up ,to one ho~r and 

appeared very fine after six'days. The treatment (iii), gave rise to 

o massive a-precipitation even after only 30 seconds àt 500 C, the amount 

of a increasing with hold time at 7oboc and with hold time at SOOoC. 

MargoUn e~'l also concluded t~at' clustering was responsible for the 

acceleration of 8 d~composition. The interpretation given by McQuillan 

and Margolin of the effects of the formation of Cr-rich domains on the 

, '. 

'CP 
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u decomposition is exactly the opposite of that proposed ~y\ Hunt and Niessen 

since in the former case it is hypothesized that clustering accelerates 
," 

the transformation whereas in the latter it is assumed that it opposes 

'the process. There is thus apparently some confusion about the subject 
\ 

of clustering and for this reason we shall devote the section that follows 

ta a more careful discussion of its occurrence and its possible effects,' 

on the mechanical properties. 
, 

The metallographic lexamination of the present Zr-Nb alloys 

(Section 5.3.5) slowly cooled from the S-phase aiso revealed the presence 
, 

of bands similar ta those observed in law-carbon steels (235) and of grain 

boundary segregation. There is a marked difference in these two processes 

with respect to annealing time. The deformation bands tended to disappear 
1) 

with annealing time, although a few were still ~re~~~t after a 64~our 

anneal. By contrast. precipitation at grain boundaries, which was absent 
, 

after short holding times, became evident after four hours and was massive 

after 64 hours, leaving a wide precipitate-free zone on each side of the 
, 

boundary. The microprobe results did not support the h~othesis of mas-

sive segregation. but the evolution of the' microstructures suggests that 

a segregation effect is present in the Zr-Nb alloys. We shall therefore 

discuss in a further sectiQn the occurrence of solute segregation and 

'consider its possible influence on the mechanical properties. 

6.2.4 Clustering 

Although the occurrence of clustering has been postulated in 
J 

bath the Zr-Nb a~ Ti-Cr sys~ems, no direct experimental evidence of this 

phenomenon i5 as yet available in these systems. Worse still, there is , , 

no evidence of thè n~ture, size~ stability or properties of the proposed 

clusters. Any knowledge of the possible effects of the~clusters on the 
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mechanical properties is limited to extrapolations based on the low 
~ 

temperature properties. These in turn are based onrobservations in 
. 

Al-4% eu alloys in which many i~vestigations, on the properties of solute 

clusters have been made. In consequence, the p~esent discussion will 

only be qualitative, and will attempt to answer the question of how 

clustering might explain the observed flow behaviour in Zr-Nb al10ys. 

6.2.4.1 Thermodynamic basis 

In ~~~~ binary syste~, if the like atoms have a larger binding 

Jenergy than unlike atoms, there will be a tendency for a solute atom A to 
, 

surround itself with A atoms. This tendency will be counterbalanced by 
.A 

the decrease in the entrcipy of mixing caused by such a process. particu-

larly at high temperatures where clust~rs usually do not form. Another 

~equirement for cluster formation is that the solute atoms have nearly 

equal radii J 50 that the distortion created by the cluster formation is 

small. • The atomic radius of Nb (3. 30~) is only about 8% smaller than 

the a-Zr radius (3.54 2). indicating the feasibility of clustering. The 
, \ 

distortion caused by the aggregation of like atoms creates elastic strains 

" which prevent the formation of large z'ones; e.g. the diameters of these 
o \ 

zones are usually 100 A "or less. 

The presence in the Zr-Nb diagram of a region in which the a-phase 

decomposes into two a-phases, One Nb-rich and the other Zr-rich does sup-

port the contention that the Zr-Zr and Nb-Nb bonds are stronger than the 

Zr~Nb bonds. Were the the~odynamic properties of the a-phase known,it 

would be possible, by comparjhg the excess entropy and enthalpy of mixing 

with those of the ideal case, to have better insight into the stability of 

the clusters. The property that can be determined in an approximate manner 



, 

,. 

~ 

o 
/, 

~..v<. 

,:~ \ 

247. 

from the phase diagram of the Zr-Nb bina~ system is the ~xcess free 
~ 

energy of mixing. The excess free energy AGE of the alloy can be written 

in th~ form: 1; 
, 

'\'(6.23) 

where Xm, and Xzr are the 

and Po and Pl constants. 

atomic fractions of Nb and Zr, respectively, 
\ 

For certain values of P and p , the free energy 
o l 

curve of the alloy will be such as ta give ri se to a miscibility gap. If 

the maximum temperature Tc at which the miscibi1ity gap persists is known, 
\' 
\\ 

as weIl as the composition at this point (the consolute point), that is ,., 

XNb and Xzr' the constants Po and Pl May be calculated through the rela­

tions (236) 

RT 
c 

6PI~ - 2 (Pl-Po) -XZrXHb 
(6.24) 

RTe 6PI 
2 - 2XNb -XNb2XZr 

l 
(6.25) 

1 

The Zr-Nb phase diagram exhibits such a miscibility gap, and the,consolute 

point lies at Xzr 1- 0.4, ~ - 0.6 and Tc 1243 K. Substitution 

of the required values in the above equations, 1eads to 

l "Pl -; 1430 and 4002 

from which âGE can be ca1culated. ~iS has been carried out in Fi~re 6.10, 

which gives âGE as a fqnction of niobium concentration. In this diagram 

the ideal free energies of mi~ing âG
I
' for two temperature~, 10000 C ahd 825°C, 

::' J. <-~~-',_,) .~ "-':~~-,~( 4"" <,~: '.~~~ ~;j~tfi'Ù:'" ~~c"},~ V-f~_ 
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are also represented. The values at these two temperatures represent 
~ 

the practical limits of the range of our investigation. The sum of 
~-- dl 

AGI and AGE represents the total free ener~ AGT,~f the allôy. We remark 
é 

that the calculated miscibiiity gap at 82SoC compares reasonably weIl with 

the observed one, assuming that AGE is temperature independent. 

This provides an indication that the excess free enthalpy of 

fixing AGE arises essentially from the excess enthalpy of rnixing AH as 

the latter would be expected ta be litt le sensitive ta temperature. Thus, 

for ~ - 0.15, AH will be about 600 cal/mol. 
A-

This value is comparable 

a ta the values obtained in the ~-phase of the Al-Zn system at 400 C. The 

Al-Zn system also exhibits a miscibility gap (237); the degree of c~ustering 

has been experimentallY determined dt 4000 C. The clustering parameter al' 
Pl 

defined as al - 1 - X-' where XA is the atomi~ fraction of the solute 
A 

and Pl the observed probability that an A àtom be surrounded by like atoms 

is found ta increase with zinc content from zero in pure Al (corresponding 
-", 

ta random) ta 0.16 for XZn - O.S. It seems reasonable, in view of these 

results ta conclude that clustering is likely to occur in the S-phase of 

Zr-Nb systems, even thougW the increase in the entropy term with tempera-

~ ture may adversely affect the process. 

The case of Ti:Cr is of interest since abnormal transformation 

kinetics have been reported. The formation of Cr-rich regions which co-

exist with Ti-rich ones is not du~ to clustering (defined as the result 
. / 
being stronger than unli~-atom bonds) but ta short ~ 

, ~, 

of like-atom bonds 
, 

range order corresponding to the TiCrZ structure~ because of .the presence 
, 

of the ~iCr2 intermetallic. It appears therefore by comparing the results 
1 

obtaine4 on Zr-Nb and Al-Zn systems on/the one hand and 1iCr on the other, 
1 l ' ; 

that bo~h clusters~and short'range arder will affect'the properties of the 
1,1t-

• 
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alloys. as long as the positive OT negative devfations from ideality 

are large. 

6.2.4.3 Cluster formation kinetics 
. 

The knowledgè pf the rate at which clusters form i5 based on 

low temperature data. and the author is not aware of direct evidence 

regarding clusters of the present types at elevated temperatures •. For 

) 

the intermediate temperature case, Christian (238) has discussed in sorne 

detai! the kinetic5 of clustèr formation. Assuming that the driving force 

for cluster growth is the decrease in bulk energy of the zone. and that 

the driving force varies a~ 1/r, r being the zone radius. he was able to 

derive the following relation: 

'f - 1 - 1/(1 + Ct)l/3 (6.26) 

where f is the fractiœn clustered, C a positive .constan~and t the time. 

The validity 9f this equation has been confirmed by calorimetric and 
) \. 

resistivity measurements (239). According to this relation the clustering 

1 1 rate decreases with time due to a decreàse in driving force and ta an 
~ 

increase in the distance over which the atoms must diffuse. 
1\ 

The clustering 

process does not require any incubation time, a feature which can distin- ~ 

guish it easily from precipitation. The constant C in Equation 6.26 cannot 

\ be estimated •• howeverJ~which renders the equation of somewhat limited use' 

in ,the present case. At room temperature, the formation of GP zones has 
. 7 

been recognized to be faster by a factor of about 10 than is e~pected 

from the diffusion coefficient. Although a vacancy mechanism has been 

postula~ed, the discrepanèy between the observed and predicte4 rates is 
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still not resolved. At eleyated temperatures, however, the role of short 

circuit diffusion paths is likely to be negligible. 

It is of interest to apply the diffu5ion data of chromiu~ in 

titanium obtained by Gibbs et 'al (240) to the results of Margolin cbn~ 
cerning the eff~ct of hold time at 700°C on the tran,sformation kinetlics 

of the alloy at SOOoC, whi~ were summarized earli~r. 

The microstructures were influenced by the hold time at 700°C and 

. equilibrium was not reached even after a day since further evolution 

occurr~ for a full week at.700oC. The diffusion coefficient of Cr in 

Ti is about 8x10- 11 cm2/s at 700°C, and the average distance OYer which 
1 

J 

an atom will diffuse in 24 hours is 26 ~m, a distance'at least three orders 

of magnitude larger than the short range domain size. The average distance 

travelled br a Cr atom is about 900 ~ in on~ second, a distance again 
\4.. 0 

greater ~han the postulated domain Slze (~ ~OO A). In this case there 

is a conflict between the calculated rate and that experimentally observed. 
\ 

It is difficult to conceive how this confliet can be resolved. as the 

theoretical rate is so much faster th an the observed rate. 

A similar computation of the diffusion distances of Nb in Zr-Nb 
1 

o '0 
alloys leads to a mean diffusion distance of 2000 A in one second at 1000 IC, 

1 ~ 

/ 
and 26 pm in 4 hours, based f -10 2/ on a dif usion coefficient of 4.Sx10 cm s 

1 
due tg Lundy et al. (225)). 

..... / 
Thase values are similar to those for Cr 

in Ti and they predict that the clustering process would take less than .. 
one second. If, indeed, clustering is responsible for the abnormal trans­

formation microstructures and kinetics upon cooling and for the mechanical 
\' 

«:.1 
behaYiour, then the clustering process is not as simple as hypothesized 

and maY~nVOIV. much more complex interactions. 

/ 
P' 



\. '. 

( 

1 
e4S4A _ .. """ ... ""t~N4;.'t im4iMUdaiJaa;sJ.sa="c ; 1 XiiS , ... 

252. 

6.2.4.3 The effect of oxygen on clustering 

,The principal idpurity in both the Ti-Cr alloys already considered 

as weIl ~s in the present Zr-Nb alloys is ozygen. Interna! friction 

studies of niobium containing zirconium and nitrogen (241) have 
;, \ 

revealed the presence at intermediate temperatures of two interaction peaks 
" , 

ether than the Snoek peak. These were attributed to Zr-N and N-Zr-N bonds, 

therefmre indicating a strong tendency for the nitrogen atoms to be trapped 

by zirconium atoms. It has'been hypothesized (241), on the basis 

of the temperature dependence of the intensity of t~e relaxation peaks, 

that the N-Zr-N peak should disappear at ,Iooooe, whereas the N-Zr 
[ 

peak should still remain marked. Similar results (242) were found in Nb 0 

rich Nb-Zr-O alloys and led to similar conclusions regarding the propertie5 

and existence of O-Zr and O-Zr-O clusters. 

In the Zr rich part of the Zr-Nb binary system, however,othere 

are many more Zr atoms than 0 atoms. Oxygen atoms are thus not bound to 

any par.tic~lar zirconium atems, and they may shift the bond from onejZr 

to a neighbour~ng Zr atem. This is confirmed by the high value of the 

oxygen diffusion coefficient in B-Zr J which i5 about 8xlO-9 cm2/-s at 

lOOOcC (243) in the absence of a ternary element. When the like-like , 
1 clustering of zirconium and niobium takes place, the 'de facto' segrega-

t cl 
tion of oxygen to the zirconium-rich cluster.,g' can be expected 1;0 follow. 

This will, of course, complicate the oxygen diffusion process, thereby 

leading to an insight into the slowness of the clustering process in a 

ternary system compared to ,the rates of solute diffusion in the resp~,ctive . / 
binary systems. 

• 
7"-""I~-~.-·",,,,,-, ~"""7"'""""'-"-"~""l'1'1;Ii·"'IJ-i!JAI!""'f.~.'''I''"..''''ih~~'l"qo..,. ... .:-. -----------------------------
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6.2.4.4 Effect of clustering on the mechanical properties 
, 

To the author's knowledge there is no informatiom regarding 

the" effects of clustering on the me,~hanical properties a.:t high tempera-

tureS. At low temperature's, the formation of GPl zones in supersaturated 

soist,ions results in a very marked increase in strength. The degree of 

strengthening increases with the number of tlusters, until they begin ta 

grow further and lose coherency ,thus forming GP2 zones), at which stage 

the strength decreases a~in. 

By analogy, the formation of clusters at elevated tempe~atures 

should aI 50 lead to an increase in strength because of the additional 
\ 

shear stress that is required to move a dislocation through the cluster?* 

It' may also be inferred that, if the material is stra''!ned, the dislo~ations 

will destroy the clusters, since the passage of à single dislocation through 
• 1 

the clusters will produce a displacement of one Burgers vector. In this 

way. continued de~ormation should lead to a randamization of the structure 

(i.e. ta de-clustering). This should, in turn, produce ~low softening, 

if no other process, such as work-hardening, comes into play to offset 

the strength decrease. 

As mentioned ~boV~, a large part'of the annaal hardenini effect 
~ 

~ be attributed to grain SE0wth in the fine-grained (nearly superplastic) 

starting material, the remainder of the hardening is thought to arise from 

clustering during annealing. The clusters cannot be destroyed by annealing 
~ 1 

alone, as they are thermodynamically 4table but can be suppressed by defo~-

tion, leading to fldw softening. This i5 indicated by the increase in the 
J' 

* In Nb-rich clusters the line tension of the dislocation lncreaSès 
corresponding ta a free energy peak, whereas in Zr-rich regions the 
line tension will be below the average value and correspond to a 
well in the frae energy. JO 

, e 
~ 
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difference between the yield an~'~ ste~dy state stresses with annealing 

t'ime. For annealing time up ta, four hours 1 the fl.ow softening incretises, 

which is consistent with the formation of clusters. The observatiodPthat 

the soft;ening is more marked at the low temperatres as cOlnpared with the , { 

higher on es is also in qualitative agreement with the expected decrease 

in the driving force for c~uster~ng with increasing temp~rature. If the 

, occurrence of some or aIl of the f10w softening in the high niobium alloys 
~ . . . 

in th*:, a-phase 1S due to de-clustering" it wou1d be expected that a similar 
J-

effect wou1d arise in the Zr-2.5% Nb alloy. This. however, is not the case. 
\ 

This conf1~~t can be reso1ved if c1ustering is particu1ar1y effective in 

strengthening thJ alloys in the 1ower' portion of the a field, i.e. be10w 

900°C, a domain which is not attainable in Zr-2.S% ,Nb alloy. Moreover, 

the amount of grain boundaty sliding, is not likely to be of importance 

in the Zr-2.5t"'Nb alloy as the grain size of the alloy was always between 

0.1 and 0.3 mm. 

The strengthening caused by annea1ing at 10000C decreases sharply 

with incre~sing testing temperature; that i5, it 1S most marked at 
, 0 ~ ,1 , 

825 Gand i5 almost' insignificant at 10000C. This c!in be explained quali-

~ativelY'by the v~riation in the~magnitude of the grain poundary sliding 

component ~f strain as compared with the effect of clu$tering with tempera­

ture. At 10000 C, grain boundary sliding will be of relatively 1itt1e 
if:-' , 

importance. as small grain size~ (~ 20 ~m) are not stable at 'this tempera-

ture. After 20 minutes p:reheat) the average grain sile ~eached i5 about , 

70 ~m, 50 that the extent of grain boundary sliding and its influence upon 

) the flow stress is reduced. On the ~ther hand, the clusters present at 

o ' 
1000 G would not be expe,cted to be as well definect,and effective in opposing 

. the dislocation movemept as they are at 825°C. It seems, therefore. that 

: 1 
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clusters exert a strong influence Qn the mechanica1 properties at 825°C 
o 1 - ~ 

only after annealing at 1000 Chas been carried out. A hypothesis is 

t~at the clusters formed at lOOOoC are ill-defined but gain stren~h' 

_during cooling to 825°C, possibly because oxygen then acts as a(~ong 
cluster stabilizer. r 

..... , 
6.2. ~ SegTegatiàn . 

, li \ 
The mic~ostructure of Zr-lS% Nb slowly cooled from 10090 C reveals 

the existence of a banded structure, w'hich appears to fad~ as the anneal 
, \, 

time at 10000C is increa~ed. By contrast~the grain boundary precipitates 
" . -

, t\ 

which are also evident become more massive'with time. This variation in 

microstr:ucture indicates that anoth~ type of reaction occurs during , , 

j " 
annealing, i.e.uthe redistrlbution oi,solu~es. I,n dis~'\l5~ing these 'effects, , 

\ \ 
we· shall ~t" to re1at'e them to the obserVed me ch'an i ca 1 behaviour. 

,.1 ,1' 

6.?5.l Banded struttures 
. , 

, t,igures 5.40 to 5~42 show that after à,. short ann,eal, there is 

'in the. material a marked banding of the ~-phase. The structure changes 

f'rom adj,acent· broad bands to 'li ofew na~ow ban'~ Hter four ~hours of 

annealJ,ng. " The ~ands th~n, broadén a,gain but do not disap,p~ar after 64 

\ 

\ '" " ..:t • 

~ours of annealing. This effect i5 ,n'ot" unlike the segregation of"'pearlite 

a~d 'f~Ni te inta band~ in forged and rolled .manganese stee 15 (215,235.244) • 

. 'Their· origi~ has be~n ~~1ained in the following way: 

a. Ma~(~nese segrega~es ,fh dendrite interstic~s 
. ,,' d~ring ingot 

, , 
'0 

b •. These high manganese regions subsequent~ecome elongated 

durilJg liot-working. J 

., 

: l' 



1,)., . , 

.' 

O· 

~,,' 

.ata 

256. 

c. ~low diffusion 'coefficient of mang&Qle~e in aus1:enite 

,at the heat tTeating temperatur~ renders homogehization d!fficult. 
, 

d. The heterogeneous distribution of manganese leads in tu:rn 
" , 

ta a banded distribution of carbon as a result of the Mn-C binding energy. 

e. Thus,.pearlite ba~ding is due toMll banding, which does not' 

Citself show up metallographically. 
t 

l' 

Similar results have been obtaiIJed with P, Ti, Cr and Mo as 

alloying elements (215,245). 
.... 

The l1!echanical proper~ies of Mn-bearing steels are not particu-
, , 

o larly affected 'in the ban~ direction. However J transverse tensile strength 
1 

has been fQund to be 10weT' in banded steels than in the same steel, once ,,' 
" ,,,.. 

homogeniud. Attypical such steel, containing 0.21% e and 1.47% Mn shows 
Jo 

,/ 
a t~nsverse strength 10% smaller in the segregated condition. Homogeniza-

tion of these structures is usually diffi~u~t, a.nd for the 'above steel 
l' e d 

~ook six hours at 12S0o~. tThe microprobe investigation carried out on 

t~~r-IS% Nb ~l1oy indicated composition ~ar\ations ~o~ exceeding a few 
Q 

per cent. These results are in agreem~nt with the phase diagram, which 
0' . 

shows a freezing range of less than sooe a~d' a 10% 1riation in solute 

t . f th . lI" H h tJl.f concentTa l,on or lS partlcu al' COmpos1tUIn. owe er, t e ekten~ v 

the blmding effect is more pronounoed than could be xp~ct,ei f;om such 
If; " 
small compositi~n fluctuations. A",puzzUng observation is, that sfter 4 or 

, 
64 -hours of annealing, the few bands present after cooling are rich in Cl 

precipitates, suggesting that Nb i5 depl~ted in these regions. The dif-
o 

fusion distance Qver which a Nb atom travels on, the average 1s about 4,' 
1 • • 

2S and 100 \lm in 5 minu~es, 4 hou~s and 94 hours. a t l'OOOoC, respective Iy. 

These distances are large enough ta cause the disappearance of segregated 

zones after 4 hours, let done 64 hQUTS J in c onf li ct f with the experimental 

observations" 
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to be 

axis. Moreover, there seems to be very little Nb segregation. l view 
1 

"of the above inconsistencies bet\1een the observed and predicted micro-
1 \.; 

" 'structures, compression salllples were taken from adjacent positions in the 

" same bat. one in the transverse~ the other in'the longitudinal direction. 

l'hese were tested at 925 Oc after a 30-minute preheat, at a strain rate 
1 

-3 -1 ~ of l.SxlO 5 ,without a prior an~eal. The temperature was chosen 50 

as to be away from the la + a boundary and the annealing time w~s reduced 

SO ~hat a~!/the a prese~t would d~ssolve without p.omogenizing the blded 

structure. " , 

The stress-strain- c,urves obtained under these conditions a e , " '1 

Iower than the longitudinal flow st~ss, from which the following re rks 

shown in ~igure. 6.11. We note that the transverse, flow stress is cont' stently 

.' . "'\ . 
. .'~ be dëduced: 
y.,.f ._ 

'.' 
1. 

, , 

The amount of softening i5 about the same in the two condi-

tions, which shows that the banding of the solute i5 not responsible for 

the softening effec,t. This was a1ready inferred from the mechanica1 
""$ 

properties of the longitudinal saniples. Moreover, the structure homogeni-

zation rate did not match the rate of change in the mechanical properties, 

suggesting that two distinct phenomena are involved. 

ii. The flow stress in the transverse direct;ion is over 10% 

lower th an in the longitudinal direction,:ta-'result that suggests the presence 
Il " 

of significant banding. 
1 

ili. The two flow curves ar~ similar and do not merge at high 

strains J indicating that !?olute banding leads to a fairly stable micro-

" 
~t~cture that cannot easily he destroyed by straining. This result was 

i 
r 
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FIGURE 6.11 

0-4 ,fi> 

TRUE S'tRAIN 

Flow curves -obtained from the Zr-lOt Nb alloy 
at 92SoC on samples taken along the longitudinal 
and thè",transveTse directions of the extruded 
bars 
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confirmed by microstructural observations that were made on most deformed 
~~ 

samples J which showed that the bands began to expand and to bend as the 
.' 

sample became somewhat b~elled. 

From these results, we can therefore conclude that there is 
f 

some banding of solute in the Zr-Nb alloys. This can affect the trans­., 
verse f\low stress J but does not appear to affect the softening kinetics. 

The hom~enization rate 1s slower than pr:dicted, and the Nb concentration 

variations determined by microprobe analysis are smaller than the values 
! 

,'-

required to cause the marked effect that is effectively observed. 

6.2.5. '2 Grain boundaIT precipitates 

'" An increase in annealing time causes vert marked grain boundary 
~' 1 

precipitation to ~~~~. This is n9rma1lYlassociated wiFh the migration 

of solute atoms towards the lower energy positions at the boundawies. 

However, we meet an incon6Îstency if we assume a high. Nb concentra.,tion 
\ 

, 
at the grain boundaries because niobium should retard (l.-plate nucleation, 

, . 
and thus oppose any precipitation effect. The microprobe results indicate 

a slight decrease in Nb at the grain."b~Oundaries, supporting the hypothesis 

that Nb' does not segregate to the boundaries ~n a massive way. 

Another diffrculty a~ises with th~ width of the precipitate-
... 

free zone as a function of time. If sorne niobium diffusion ta or from 

the boundary occurs, the distance travelled by an atom is on the average 
, 

much larger than the PFZ. Thus) here again, we meet some inconsistencies 

regarding diffusion rates • 
. 

The enly a-stabilizer present in significant\quantities in the 

alloy 15. oxygen. , Oxygen diffusion towards the boundaries would certainly 
-' o 

lead to more massive precipit.atiQll with anne~ling- time, in qualitative 
\ .. 

! ' 
1 
l ' 
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agreement with the results. The oxygen diffusion coeffic;.ient in a-Zr-

is higher than that of Nb and, as a consequenc~J the w;i.i"th of the pre-

cipitate-free zone is again in disagreement with the one predicte~ by 

the diffusion coefficients. 

The conclusion tha~ may be drawn at this point is that the 

simple Nb or 0 diffusion rates are too fas~ ta aceount for the observed 

evolution of either the preCiPitatelmorphology at the grain~Undaries 
er the streaks with annealing time. The simple~t explariation perhaps 

lies in the effective diffusion rates being much lower in practice due 

" to the coupled diffusion of solutes. 
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CHAPTER 7 

CONCLUSIONS 

( 
The present investigation concerned the high. témperature flow 

behavio~r ,of two alloy familiés of zirconium. The fitst series contained 
\ - , 

.0, 1.9, 4 and 6% molybdenum, and the second contained 2.5, 10, lS and 

20% niobium. Mechanical tests were carried out in the a-phase using 

constant true strain rate compr~ssion, and under a n0ll!inally pure argon 

atmosphere. The imposed strain rates were in the range 1.5xlO-S to 

l.SxlO-ls- l . The following conclusions can be drawn from the results 

obtained in this work. 

1. The flow curves of ürconium-molybdenum alloys exhibit 
\ 

marked flow softening, which is in strong contrast to the "normal" flow 

curves obtained with unalloyed zirconium 'or with zirconium-tin alloys. 

'At low strain rates, the onset of flow' softening oceurs after litt le 'or 

no work-hardening white at high strain rates it i5 delayed until a signi­

fieant amount of work-hardening has ta~en ~lace." At le beginning ~ 
plastic flow, yield drop~ are frequently observed, but this 1s not the 

case for a11 of the tests. 
, 

2. Whetl intermediate unloading, tests are -carried out on 

dreonium-molybdenum alloys, the flow stress on reloadihg increases with 

delay time t. approximately as t 1. During the delay peridd, a hard , , 

" 
metallic layer is formed beneath an oxide film. This layer eonsists 

ess-entially of oxygen-stabilhed a-zirconium as well as the intermetallic 

ZrM02" ,No such hard region is fOUnd when.tests are conducted in a zircaloy 

getter'ed argon atmosphere. In addition, when tests are conducted, whereby 
\ 

samples are ~tTB.ined and allowè'd to dwell in thé rurnace and thèn have 

!. ' 
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, their outer surface oremoved. no increase in flow stress is observed on 
1 

1; 
reloading. The hardening that arises during the delay interval of normal 

intermediate unloading tests is thex:efore att:ributable to the formation 

of the oxygen-enriched CL-Z irconium layer. 

3. The proeesses of formation and rapid growth of the hard 

a-phase layer that occur in zirconium-molybdenum alloys are much less 

marked in crystal bar zirconium. This result is at,tributable to the 

~eleterious effect of moly~enum on the oxidation resistance of the alloys. 

The presence of molybdenum in the surface scale leads to the formation 
1 
1 

of oxides of ~molybdenum that are in the liquid phase a t the test ,tempera-

tures. The presence of a liquid component in the scale is expected to 

aid in the rapid transport of oxygen through the surface oxide. 

4. The occurrence of flo.w softening in the zirconium-molybdenum 
<lo 

alloys ca~ be explained in terms of a model pr~posed in this work~ The 

model assumes that the developed load originates partlr from the a-phase 

sUn and partIy from the S-phase core. 
.., 

It is further assumed that the .., 
'" 

oxygen-saturated CL-layer deforms plastically and thereby retains its loaa 

bearing capacity to laT~e strains. '!?te thickness of the a-phase layer is 

assumed ta be independent of strain, which is in agreemen~ with direct 
'\ 

experimental observations. The model based on these assumptions is shown 

to be in satisfactorj'"agreement with the observed flow softening behaviour. 

5. The high t~erature flow curves of the" zirconium-mol~enum 

alloys are temperature,. strain rate and concentration dependent. The stress 
1 ~ ~ 

,sensitivity of th~thin rate decreases from 4.0 to 3.4 as the mOlybdenum 
"-

content increases from 0 to 6.0 weight per cent. These observations apply 

ta the stresses at the onset of plastic flow and at a strain of 0.7. In 

the alloy containing 1. 9% molybdenum. at a stress level 

r, 
" 

\ 

of 30 MN/m2, àcti \, -
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vation energies of 160 and 105 kJ Imol are associated wi th the onset of 

plastic ~low and with the deformation of a strain of 0.8, respectively. 

Similarly. in the alloy containing 6% molybdenum, the values of the-, 

activation energies .. at a stress of 55 MN/m2, are 150 and 105 kJ/mol, 
.)\ 

respectively, for the same rdgimes. These values are close to the self 

and solute diffusion activation energies for these aÜoysj however, it 

is not possible with the present data to draw an>: further conclusions 
1 

as ta the nature of the rate controlling obstacles to dislocati~n glide. 

6. T4e high temperature flow curves obtained on the zirconium-

2.5% niobium alloy exhibit a normal work-hardening region. followed by 

a steady-state regime of f1ow. This type of behaviour i~attributable 

to the occurrence of dynamic recovery during straining. Flow softening 

i5 not observed at aIl in thi5 al~oy ~nder the present testing conditions. 

l'The stress sensitiv'ity of the strain rate decreases from about ,5.5 at the IJ, 

onset of plastic flow to about 4.5 in the steady-state regime. These 
) 

values are typical of maferials that behave in a likewise manner. 

7 • 4irconiu~-niobium alloys containing 10. lS and 20% niobium. 

unlike the one containing 2.5% niobium, exhibit significant f10w softening. 

which is most apparent at the lower temperatures in the a-phase. In addition, 

the stress at 82SoC increases with annealing time at 10000C and reaches 
1 

a maximum after about 4 hours. With longer annealing treatments at 1000
0
C, 

1 

the flow stress decreases onc~ more. The oc~rrence of anneai hardening 

. cannot be attributed to environmental effects, as it was in the ,zirconium-

mo1ybd~num alloys. Neither can the environmental effects explain the flow 

softening' behaviour. The determination of the texture changes that take J. 

place during hot compression show that a (111) fiber texture is developed. 

which cannot exp~ain the flow softening. SimilarIy, investigations by , 
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means of X-ray technique;; indicate that precipitate coarsening effects 

are not responsible for the flow softening, indeed no precipitates are­

present in these alloys. Furthermore, lt is shown that dynamio recrysta1-

lization do~s nortake place during the plastic flow • 

, 8. ~t is established that appreciable grain 'growth occurs \~n 
these a110y~ring annealing at lOOOoC, but significant changes in grain 

size do not take place during deformation of the annealed :material. The 

a110y containing 15% Nb alloy,. in the as-received condition, has a fine-

grain structure which deforms at low stresses and maintains an equiaxed 

grain shape during deformatiçn. In the fine giain condition, appreciable 

grain boundary sliding takes place during hot deformation, and progres-

sively disappears as the grain size increases·as a resu1t of annealing. 
~ l , ,c . 

Thus, the grain coarsening that accompanies annea1ing at lOOOoe can be 

seen to <he responsible for a significant par,t o~ the anneal hardening 
" 

phenomenon. Flow 'softening, on the other hand, is not associated with 

changes in ,grain size but may result for a part from ~ain boundary sliding 

contributions to the strain when deformation 1S initiated.in the fine-

grained :material. 

9. The miscibili ty gap in the Zr-Nb binary phase diagram sug-

gests strong like-atom interactions are present in the e-z;i,rconium-niobium 

alloys. Thermodynamic estimations further indicate that c1ustering proba!lly 

takes place in the a-phase. The formation of clusters during annealing 
~ 

at IOOOoe could giv~ rise tp' part of the observed strengthening; conversely, 
" 

the destruction of clusters during deformation wou1d 1ead to flow softening. 

The presence of 1500 ppm oxygen in these alloys h~s been shown to move the 

Cl + B/a boundary up~rds to about soooe for the alloy containing 15% niobium ",)Ici 

i~ expected to contribute to the stability of clusters • 
.. 

, , 
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SUGGESTIONS FOR FURTHER WORK 

To verify and complete the analysis of the interruption 

hardening and flow sOftening-behaviour of the Zr-Mo alloys presented 

here.! .$tudies should be carried out regarding the oxidation !rate' of 

the Zr-Mo in the B-phase. They should also deal with the structure of 

the oxide scale and with the rate of gTowth of both the oxide and the 

a-layer. The determination of the flow stresses of both the a-phase 

alone and of the oxygen-saturated a skin would also be usefu~. 

2. The raIe of the a- layer wi th regard ta th~ plastic cons.traint 

of the B-core should be determined, perhaps from a comparison of the sub-

grain sizes and dislocation densities produced when ~he B-phase is tested 

under an ul tra-high vacuum with those produced in the presence of an o.-phase 
~ 

outer layer. If a plastic constrair( exists, the dis location density in 

the latter case should be higher and the subgrain siz-e. smaller.- It woûld 

also be of interest to apply the model proposed here to other systems in 

which oxygen (or nitrogen) promotes the formation of either a harder, or 

a softer, ductil~ phasè at elevated temperatures. 

l. A much more compl~te study-.of the effect of molybdenum 
'" 

. addition on the high temperatl,lre flow curves of 'zirconium alloys should 

be carried out. 'Such an investiga~ion would require that the dyn.amic 

oxygen pressure be reduced to less than 10-
4 torr~ and Ja temperature 

capability of llOOoC or better. 

4. The unusual behaviour of the Zr-lO,IS and 20% Nb alloys 
1 

involved both anneal hardening and flow softening effects. These were 

attributed to a combination of grain 'growth and solute clustering effects, 
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al though th-e explanations advanced were considered more tentative than 
o 

in the case of Zr-Mo alloys. C learl}', more -work is required in this 

field, and severaI different techniques could prove to be vaIuable: The 

occurrence of clJ,1stering can perhaps best be confirmed byo detailed 

internaI friction studies at hi~h temperatures, These shôûld lead to a. 

Il' reasonably good estimate of the kinetics of the process, which could then 
1 
) 

be compared with the kinetics of hardening and of grain growth. Supporting 

evidence fQr "the softeniIfg effect could al'so be obtained from an electron 
1 

1 • 

micrographie study of the evolution of the dis
o

locati0!1 structure, and 

particularly of the subgrain size, during straining. 

5, The elustering and declustering which was suggested as 
. 

~ being involved in anneal hardening and flow softening, respectively J is 

• 
intimlltely associated with the thermodynamic -'properties of the Zr-Nb-9 

'l) system. ~ch more information i5 required regarding the various thermo-

<~iC functions of this system and .evidence must be sought for the 

pre5eike or absence of like-like clusters. 

6, In the zirconium-2.S% .niobium alloy, a wider range of 

t,emperatures s~ould be covered in ,order to permit the accura t~ determina­
\ 
1 " 

tion of the activation parameters and 50 as to lead to a more reliable 

assessment of the rate controlling mechanism and of the role of Nb a~ a 

so lut e streng.thener, 
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STATEMENT OF ORIGlNALITY AND CONTRIBVTION Ta KNOWLEDGE 
t' , 

.:, 

j. The flow curves for crystal bar zirconium and for zirconium-
1 

molybdenum alloys were determined at high temperatures" in the a-phase, 
" . 

-
under a nominally high purity argon atm6sphere. This was carried out by 

means 
. 1'" 

of constant true strain rate hot compression, leading to the deMr ... 

mination over a range of strain rates of both yield and high strain flow 
'0 

stresses. Such measurements had not previously been made in this alloy 

'System. The flow curves of these alloys ~xhibited two types of unusual 

behaviour. The first c&hcerns the occurrence of flow softening. which 

persists up to the largest strain applied in th!s work (Le. around 0.8). 
'1' 

The onset of flow softening was observed to take place, sfter li sig'hificant 
1 h 

amoun~ of work-hardening at ,high strain rates; whereas, little or no work-

hardening was encountered at intermediate and low strain rates. In the 

latter case, the onset of plastic deformation was usually associated with 

la yield dl<op. The characteristics of the type of flow so~tening observed" 
1 Q 

in these alloys have not been reported previously. By cont.rast, crystal 

bar zirconium did not exhibit s.uch flow softening and displayed, except 
" 

, " at the very lowest strain rates, a marked" work-hardening region followed 

by a "steady-state regime o:G, flow. 

2r The second unusual charac-teristic of the flow behaviour 

was the interruption hardening observed when a compression specimen i5 
, "'" . 

,unloaded during a test and then reloaded after a d~lay irtterval. r These 
o 

interrupted tests showed that the s't:!ess upon reloading increases with 

delay time t approximately as t 1. This strengthening was attributable 

to the presence of an oxygen-stabi lized a-layer below the s'urface oxide 

fi1m~ the composition of which was determined by X-ray analysi5. Tests , 

M !!2t!!& §. ki8, oc ah L ~E .; ni i 

1 

nO, .,m'ë.1 



\ , 

o 

, , 

1 
l, 

, 1 

, ,1 o 

1 ' 

268. 
~ 

carried out under a ,b.igher purity ar~n than the one normally used led 
" .... 

to flow curves in which inierruption hardening was less marked. Further-

more, experiments involYing t~e 'Temoyal ofi the hard a-layer confirmed e; 

, 
that the strengthening imparted to the alloy during ~he interruption 

e 1 

delay was aS,sociated with the "presence of this oxygen'-stabilized ~-laye~. 

The fOl:'D\!ltion of the layer was attributed to the deleterious ~effect of' , 
molybdenum on the oxidation resis~ancê of the a110ys' that arises from 

" 
the presence within the 'scale lof ~iqUid molybdenUlD oxides. ~ '!'bis effect 

is absent in unalloyed zirconium, whete interruption hardening was ob,served 

to be much less marked: 

3. The occurrence of f!ow softening in ~ir~onium .. mOlYbdenrr 

alloys was also !{tributed to the _prese~ce ~f the oxygen-stabilized a-layer. 
'\ ' 

Wh~reas the a-ph~se' layer increase .. s y' ~oiûlne 'dUrin,& annealing. it dec~eases 

~n'VOl~e' during: deformation. This results from a chan'ge in th~ ,balance 

between the Crate of oxygen pick-up at the surbce t and the Tate of oxyge~ 

-
diffu~ion through the' oxide Hfl.m and metallic phases that is brought about: 

• 
by concurrènt d~f.orma.'tion. This pièture of the bui}d-up of a hard outer 

sheH during annealing ~ich tends to be destl'oyed during defornla:tion, 

the former leading to inte:t1-uption >hard~nj.ng and the ~atter to flow softening" 
) 

has not been reported preYlously. / 
, 

4. A simple lI!odè1 was developed to explain the interruption 
. J 

hafdening and felow softening, behaviour of the zirconiWn-mqlybd~num alloy; 

in' a qu~titative manner. This mode'! assumes ~hat thew developed load i~ 

s,hared between the hard layer of a-phase and 'the soft j\-phase core. In , . -

the model, the a-phase is assumed to deform plastically, thereby retaining 
, , , 

some load 'bearing capacity ta, large strains. The predictions of this 
~ l , , 

model agree in _8 satisfac~oi-y manner with the experimental. observations. ' 
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'This resul t is in marJced contrast to 'the laclC::l?f agreement found when 

similar models have been used to attempt to explain the qeformation 

behaviour of oxidized or plated metals at low temperatures. The ability 

of the model to rationalize the observed characteristics of the zirconium-
1 

ft-

molybdenum alloys constitutes a step forward in the understanding of the 
"-

effect of the environment on the mechanical properties of these materials. 

5. By means of the tests described, the stress sensitivity 

of the strain rate of the zirconium-molybdenum alloys was found to decreasè 

from 4.0 to 3.4 as the molybdenum concentration was increased from ° to 6% 

weight. Experimental activation,energies of 160 and 105 kJ/mol were 
f> 2 ./ 

determined at a stress level of 30 MN/m for the onset of plastic flow 

and in the steady-state regime ror the zirconium-!. 9% molybdenum alloy. 
" . 

1 

Similarly, values of 150 and 105 kJ/mol were found, at a stress level of 

2 S5 MN/m , for th~ onset of plastic flow and steady-state regime for the 

zirconium-6%, molybdenum.alloy. At a fixed te~erature and strain rate, 

the flow stresses of the alloys increased with molybdenum concentration' 
.-

c approximately as cO. 7• However, the molybdenum atoms cannot be con­
\} 

sidered to act as individual obstacles to dis location glide', but rather 

lead to strengthening indirectly, through their influence on a rate-
Q 

controlling mechan'ism which wa~ not identified. 

6. By means of constant strain rate hot compression, the 

initial and steady state flow stresses of zirconium-l-S% niobi'fD alloy 

" were also determined in the a-phase field. The stress-strain curves 

obtained exhibit a worJc-hardening region, followed.by a ~tëady-state 

regime of flow characteristic of metals that recover' dynamically. The 

" stress sensitivity of the strain rate decreased from about S.~ for yielding 
l ' \ 

to about 4.5 for steady state' flow. No flow softening 'W&s observed in this 

JDaterial. 

1 • 
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7. The f10w curves of zirconiu~ ~lloys containing '10, 15 

and 20' niobium were aIso characterized; in the B-phas~ f.iéld. These 
, 'v-

three alloys always exhil?it ~oth anneal hardening and fl,ow sof:rning, 

which distinguishes them ftom the 2.5 % niobium alloy, and from other 

"normal!' materials. This effect appears most marked at the Iower experi-

mental tempe~atures. It was shown that oxidation-induced hardening and 
o , 

softening, similar to that ob-served in the iirconium-mo1ybdenum alloys, 

is unlikely to play a role in these alloy~ (at least below 900oC) • 
. 

Measurements of preferred orientation revea1ed that a (111) fiber texture 

is produced by straining. This type of texture development ~uring deforma-

tion is not capable of inducing a flow stress decrease. 

8.... Thl mechanical properties at 825°C, as well as at the micro-
, 

structures obtained after cooling toi l'oom temperature, were observed to 

be dependent upon the timé of holding at 100.~oC. This occurred in, a manner 

that could not be attributed to grain size variations alone (see below). 

The effect of the duration of the 10000C anneal tTeatment~on the microstruc-

ture is in agreement with results previously reported in zirc0!lium-niobium 

and titanium-chromium alloys, which were attributed to clustering and short 

range order. respectively. The results are also consistent ~with the modifi-

cations to the zirconium-niobium binary phase diag~m called for by the 

presence of about 1500 ppm of oxygena A significant prop,?rtion of the 

anneal hardening May be as,sociated with solute clustering, while flow 

softening may be attributable to solute "de-clustering". This aspect of 

the current investigation requires corroboration by means of further work" 

both on the flow behaviour. as well as on the Zr-Nb-Q phase diagram. 
" 

9. lt was shown that'the annealing of the soft, fine-grained 

as":received zirconium-1S% niobium aJ!oy led to a considerable incTease 
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(. 

in gnin siz,e. In al! conditions of the alloy the"grain site did, not 
() 

. . 
change appreciably during deformation; although the grains did undergo 

1 shape changes. These were 'generàuy somewhat less than that'-exIfected u 

in view of the imposed strain. By contrast) the fine grains of the 

material i;n the as-received condition l;emain1ed e~uiaxed _ during straining. 

From these observations, it was inferred that the grain coarsening during 

annealing is responsible for a sizeable proportion of the hardenin.g pro- • 

duced by annealing. The proposed roles of grain gTowth and cluster forma-

tion in anneal hardening, and of cluster destruction during flow softening 

are original to this author. 

-. . 
1 

" \ 
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" 
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APPENDIX 1 

DBTERM!NATION OF THE LA'ITlCE PARAMETERS 

'" / 
During the past ten years, several methods have been devised 

to accurately determine the lattice parameters of known substances. 

These tecltniques are also capable ~f ide~~ying the Cry~tal structure 

of un~own substances. Although these schemes are laborious, the use 

of computer programs can lead to efficient lattice parameter, or crystal 

-structure, deterDrlnations • . 
The procedure used in the present work was that of Lindquist 

and Wengelin (246). This method begins with fundamental property of 
( 

reciprocal latticé l which is t~at a ~ector r*hkl in the reciprocal lat­

tice, joining the origtn to ·the point of coordinates hkl i5 perp§ndicular 

to a plane in the direct lattice whose indices are (hkl). The length 

of the recip~ocal lattice vector r*hkl is equal to 1/dhk1 where ~kl 
\ 

is the spacing of the (hkl) planes in direct space. The vector r*hkl 

can be expressed ,in tests of the basic lattlce vectors a*, b*, c· by: 

r*hkl ,- ha* + kb* + lc* 

tt',follows 1jpat the dot product r*hkl • r\kl gives: 

" 

+ 2hk(a*.b*) + 2kl(b*.c*)+ ?lk(c*.a*) (Al. 2) 

1 

,:-1 
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/ 

, In the, mast general case of a triclinic lattice characterized 

br the lattice vectors a, b, c and the angles a, a and y, these dot 

products can be written: 

(Al. 3) 
i' 

(Al.4) " 

(AI.S) 

" \ \ 

a*.b* - abc2(cos a cos a - cos y)/v2 (Al. 6) 

b*.c* - a2bc(cos a cos y - cos a)/v2 (Al. 7) 

c*.a* - ab2c(cos a cos y - cos S)/v2 1 (AI.8) 

where v2 is the volume o( the unit celle 

Recalling that Bragg's law can be expressed as: 
/f 

2 i
2 1 

sin e - -. 
4 d 2 

(Al. 9) 

and, replacing ~ by the expression in Equation AI.2, one obtains' \ 
\ d~ ~ 

(A1.10) 

o in which: 

UtUWAJWMHtl., ',.; 



'\ , 

, 

"':Ii.a~.~l_ •••• "=l!i;t.it .& 4 •••• (I.'d. 

, 

o 

285. 

(Al.U) 

(Al. 12) 

(Al.13) 

k4 - À
2abc2 (cos a cos a - cos y)!2v2 

- 1 

. 2 2 2 
, k6 - À ab c(cos a cos y - cos a)!2v 

Therefore, by ta king a set of indexed sin2e values, a set of linear equa-

tions is obtained from which the k constants can be determined, using 

statistical méthods of linear regression. The cell parameters a, b, c, 

a. a, y can then be determined by the solution 'of Equations A1.10 to Al. 16. 

The problem is, of course. much more simple in higher symmetry ~tructures : . 
for which only a few parameters have to be f~d, such as in the present 

case where only a and c need to be determined. ,,' i 
\ 

The listing of the Fortran version of ,the program written br 

Lindquist and Wengelin i5 given below. 

/ 

fi 

." 
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C(!~ 
CC), 
0016 
(CH 
CCli 
OC19 
CC~O / 
CC". ' 
CO"2 
CC41 
CC4~ 

CC""' 
ecu 
(CH 

CC". 
00'" 
CU\I 
ecu 
OC5l 
ce51 

f" 
"-

-------

ULUSE 2.0 SET5VP DATE • non Gl/U/JO 

sue.CUT'~E SETSY"I.,-' 
CQPPON 1~,IOUI.NR'.CU'I'7I,IEIT.tSY~ •• $'C •• E.CI6"lfl(I" 
IN1EGER NCllZ/·O'I,ltL."Cua'I,ITET/'TET·I,IHEI"~EI·'.IO.T"CR'" 

-,l'CN'''CN',,llRI''TRI'' 
l~lEGER ~CLL"~",IP"P'I.IC"C·',II"I".IF/'F'I.IA/'A"_"/'Il''' 
AEADIIH,l'ISY,._S'G. 
fO."ATI2X,.],4~,AI' 
IFCISYP.tQ.ICLft, GC JC ZI 
IFIISY~.EO.11ET. GC le l2 
IFIISYII.EQ.I~E.J GC IC 2J 
IFIISY~.EC.IOPT' GO TC 24 
IFIISY~.EO.IMC"' GO IC Z' 
IFI15YII.(0.I'RII GO TC l6 
wRITeIICUT.14'ISYII 

14 FORM'TI1HO,A3.ll" IS ~o CRYSTAL LA'Tlcel 
REllAN 2 

li 15'111-1 
"RITEC ICUT ,2' 

2 FORII'll'C I~E CRYSIAL IS tualc', 
GO Ta )0 

12 IS'I~'2 
.. A HE Il OUI ,li 

l FORIIATI'O lHE CRYSTAL IS IE1RAGeNAl" 
GC TC 10 

H ISYP-l 
"RllflIOul,U 

4 fORII'TI'O '~E C.YS'Al rs HEXAGONAL" 
GC Ta 10 

2<0 1 SYII.~ 
... "EIIOUl,,, 

5 fCR~"I'O T~E CRYST'l fS ORTHORONIIC-' 
GO Ta )0 

25 UYII-' 
"RITE'ICUT,6' 

6 FORIIAT"O THE CRYSTll 15 ~NOCLINIC" 
GC JO la 

'~. IS'"-6 
".ITElleLl,lI 

7 FORMAII'C 'HE CRYST'L 15 IRIClINIC-, 
JO JFIGISl a 2 

IF~hSPGR.EQ.IP, Ge TO ~l 
IFI.iSPGR.EO.IC' GC TC 12 
IFIHSPCR.EQ.111 GO Ta 1l 
IFIHSPCA.EQ.lf, GO ra )~ 
'FIHSPCR.EC.I'1 GC TC·1S 
IFIHSPGR.EC.IM, GC TC J, 
W.ITEIICOT,15JHS'GA 

,U FOR~llll .. O,Al,16" IS .0 CE"URINGt 
!t ~.ITEI10~T,el 

e fORN'TI'O T~e lA1IICE 15 PRIMITIVE'I'" 
CC 101 1-1." 

lU IFII;IU .. C 

. . 
NSPGR-l 
GC JC 100 

c~ 

/- .. 

N 
QG 
0\ 

,,~-

.' 7 t03!:K1 f -P 77 PlI mer . --...: _$ Il.''' S k -; k " IF! sss sSs. 1& 

.' ;., . -~\>.o ~,,~, .. '. _ .' .::'" J ,_, .' • " _. 
/ 

\ . 
J 

1 
1 

"1 
1 

i 
1 
1· 

1 

1-



.. 

j--If' t Le )4IQ4li;Ci!i\P)~ ell:'''D''''''r~''''~l''....".._,~,\o1T'_r~n- __ ~-- - - - "'1.1"'-" 

,- ,.,. &01,:_ .. ,01 t ............ • ~·t· ... t"d 'h1mttr tt Ott t nt, ce. ft2' s sto.rtn 4 .IO°l'ebttt th"" NP • ze'e' 'Mt.··· t e' '7$' 7 *"'7 nt'" Heto'" * p't1).t6td~r ". Ife' $ d 

~ -
-.. 

'. 

,., 
fUluH",i'Gl iëieasË-2.0 SU sn -'--D~6ill 

CC'" 1Z waITE"OUT." 
- CC!, 9 Fc_~aT(ll~O rtE l"TICE " C-tENTEREO"" 
tUt IFICI11-C 
CUl 'IFICI·U-O 
eue IFIIH2I-l 
(C~'i JFlcn'-1 
eetc "SPGIl-Z 
ecu co to 100 
ecu !l WRIIE-I .cur ,ID 1 
(CU le FQ~.a'IZ1"O l~E ~alTICE IS 1-(ENTEREDrl" 
(en If,CCII-e ----. cu, IflG'la';l 
ecu IF1GIl'-1 
ccn IF IGHI-l 
ecte "S~C.-l 
(en GO TIl 100 -' <C70 '10 h.'TE'IC~T,111 
COll 11 FC,,"atlzl~O TtE ~~TT'CE ~ f-tENTEIlEO/'/ 
CCU IFrGU ,-, 
(cn IF1Gll'-1 
eCH 1,fIGIU-l 
(Cl' IFIGH.-o) 
CC'" fiSPGII.1o 
(Cll CC TO 100 
(Cli lS h"ITelICUT,ll' 
(Cl' 12 Fc.~a1121HO T~E ~'TTICE IS ~-CE"TERED// 
(CeO IFIGrl'-C 
CCIII If1G,n-Q 
«U IF IGI3'-' 
(Cn If IGliol-1 
!C!l~ IfS"""·' " l ' 

tces GC TC '0 
(CU J6 WRITE'.CUI.tl' 
tt!l 11 FC"MATI21HO T~~ lATTICE 15 A-CE"TeREO/'/ 
(CU IF IGI !JeC -> 
OCS. IFIG.21--1 
«'iC If IGC'))-l 
(CU , .. tCh,-, 
OC92 JI IGISI--' 
t(9) MS_CII-. 
eCH ''0 "ETLIl" , 
CC9' END 

1 -fCÎt'UH-'" Gl-AèiiisE-Z.O ".0 Dau. 76017 Ol/IU10 

CCCI 
(CC2 
CCCl 
C(04 
(Cu 
(Ct 
eCOT 
(CCI 
H09 
caio 
(Cil 
ccu 
(cn 
0014 
(CU 

OC16 
(Cil 
CCIf 
COl9 
CUO 
(C21 

SUeACUT 1101 CAIID 
'O~"ON 1~.JOU1.""" 
IHTEGE_.~NCll"O",IGfN/·GE"',.rrkD/'I.C'I.r.E"'.E"1.IFIN/'FE~·' 
RUtH IM.1IH"P ,. 
FC""AJ>l2x,UI 
IFtNRP.EC.IGE~'GO TO Il 
'FINIIP.fQ.II',C'GO Ta Il 
IfIHIIP.fC.'''Ef'GO Ta Il 

Il MIIP-I 
\lM liE l 'OU1, 21 

l FCII".r,)~~o SINSO-T~ETA VALUfS Allf GENEIIATEO' 
REILAH 

12 NAP-Z 
Nil ITEllOUh li 

J FCR"A'fSa~o '~tleE$ AilE SEAlle~fO ~C '~E tELL CJ~EHSrOHS ,RE REFI~ 
.EDI 

RETUII" 
13 NIIP.) 

WII IJEIICUT ,Iol 
" FOII"&TI33"0 THE CELl DIM'IISIONS AilE "E'IHEO' 

RElUAM 
END 

.[P110.$ Ih EFFEC'. MOfER",IC,E8telé,sOURC~.NOLI$T.NODECK.la.D.NO"a".HC1EST 
_,p1Ie.s Ih EFFEC'- k.rE - CAlle ,~'.ECHT - 56 
'STATISTleS- SOlRCE STAIE"E"" - 21.'_OG.A~ SilE. 656 
-srATISTICS' he C,ACHOSTICS GENER.'EO 

------

, 

fCP110hS Ih EFFEtT' NC1ER~.ID,E'CCIC.SCU.CE.HCLIST.~DDECK.lO'D.NOMA'.NOTEST 
'CPTIC~S 1_ EFfEC'. H •• E. SE'S~~ ,~I_F.e~T. " 
.STAT1!lICS' SC~ACE sraTE .. E"lS • S5,'.QG"a" SIZE • 19~Z 
.!TATI!TICS' ~C C'.'~CSTICS GENE.ATEC ~ • , 

Q 

, 
IV 
00 
~ 

Il nu? 7 l' r1'~ t -~ 

/~ 
"~ 



0~ 

.C:::Cj;"'~ 
. ,-- , 
~ ~ ~ 1" 
.~ .... 

<'c,. 

. ,,-

~ --------------- -- ---
:;;es;;;c ;;;e:;t?44i4l p':::e:R4:::;:Z"lt'P""'1\Q 5 lZ4XJ A k tA .$ e.$ .... __ _ 

ha 'Ü+t'iect- yom .' He * aV;- "ire,' .. Mt" '$' _.,,' ar_r' ne'.,,', nt. Hm "mb"t~&;;iii;,ët" r 
<... ',-

FCIITII ... IV Gl 

CCOl 
CCU 
(cC) 
cc:o~ 

(CCS 
CCU 
«((1 
eeCf 
CCC" 
C010 
CClJ 

CCl! 
(Cl) 
(CU 
(CU 
CCl6 
ecu 
CCII 

~ 
CC19 
cuo 
ecu 
(C21 
ecu 
(C24 
f.(2! 
C(2t 
('CH 
(Cll! 
CC;9 
ec!o 
CC~l 
ce:z 
COl 
(CH 
ce~5 
CC!6 
eell 
((li 

CCl" 
((40 
ce_, 

, (C<oZ 
CC<Ol 
ce44 
(C~~ 
CCI" 
CC47 
((,4! 

C049 

., 
~ 

IIfl.Ea!E l.O GENEII" -DUE • 760~7 OllU'30 fCA1"ah IY 51 ~ELE'$E l.O GfhE~a 

SU~CU'l~f GERERA 
lCGICAl f IllEt 
DI~E~SIC~ .SI~C4CCal.lf"DI4aOOI.IFIGI11 
c~~"n" Ih.lnul.HAP.IO.ED(61.El"~.I"~, •• 'HMa •• I"~I .. ,I"""X.llPIN. 

a'l~" •• S~IN.S~a •• lleL.lfxT.ISV~,NSPGII,E"O(61 
IFIIO.EC.11 GC tO ., • 
IIEAOIIN.tIEOIII.EDC21.EOIJI.EDC4I,ECCSI,EDC6I,ElA" 
foap4TI3Fl0.\,\'\0.61 

( ~.ITEI1C~',~, 
, l rCR"AIll)HÇ I~P~T tEll OI~E"Slr"SI 

VIIIIEf~t~3IEDIII.EOI~I.EDI2I,EOI51.EDlll.EDI61,EL"" 
3 Fe~""lC'O A ·'.F9.S.11X,'ALfA -'.fq.~,I,' 1 .',F,.S,lOI,'IETA _, 
.,FÇ.~,I' C .·,f9.S.10X,'G_~~A -',F9.4,,'O l.~eO. -',f./6,/1 

cn 3\9 ,- ~.6 
35. fCIII.ECII'(laO •• 1.1~'S926~36 

CAn eo"sl 
1" .E"DIIN.~I'.~lh.IH~AX.IK",",I"M"X.ll~I~,ll"AX,SPIN.S"A •• ITOl 

4 FGR~ATI615. 2fS.~, 151 ~ 

cuo 
OC51 
(1:52 
CC~, 
C05~ 
CC55 
(C56 
t:t~7 
oo~a 
«59 
(etO 
ecu 
CC62 
(Cu 
COt4 
cce5 
(CH 
ecu 

''''HU ICI:' ,S, III~' HU .... U. 'IC .. ,,,,,,,,",,., Il" 1"', 'L"AX. SM 'N, 511AlC 
! FOR"Al,'e GE~e~II1C~ .AHr.ES'" ~'I~.',15.5X,'''~AX-~,I~.I' KMI".­
l,I',SI,',,".X·',15,I' l"IN-',15.5.,'L" •• -'.15,II'O SI"SO-TIIETA M'''' 
l.·.F5.1.S_.·SI~So-'~ET. "A •••• F'.l' 

cau 
(Ct .. 
celo 
CCll 

lotR ilE Il CL I.U 
~ FORM.llla ... GENEIIA'EO lIS' OF SIH5Q-THETA VALUESI 

flL\Ee-.ULSE. 
NSC·Q 
1.""'-I"'III'ICO 
II-""X-I"'''"'ICO 
.... ' ... -1"1"" .. ' 00 
III ..... I"' .... 'CO 
IL~I"-ll"IN.tC:Q 
Ill'ax-lll'UolOO 
oè-~, ~1".I"I'I"'.'H"Aa 
1:0 20 .J IIt.,I"" IN, '''PAX 
cc lO ~ll'll~IH.ll"a. 
(IH-JIH-ICO 
IIIC-J Ill-ICO 
IIL·.Jll-IOO. 
eALl EXTIIII-,IIII,IILI 
IFllf"r.fe.OI cC IC 25 

/ 
SI~SC.fWOI1J·lt" •• Z'E"Ofll·IIK·.2'f.OI31.lll·_Z'f"C'41_Il''-IIL 

.'EKCIS'*ll"·'IL'EIIOI61.'I"·111I 
IfISI"'SC,Gl.S~A •• C •• SI .. SO.lT,S'I" GO T~ 25 
",sc-",se'l ' 
IFCUC.lf..AOOOC' GC II! 24_ 
lo"llfll~'.l)ll~.II •• IIL 

7 FC~~A"26HO A"~AV FlllEO WHEM 
FllLfC-.,,,Of. 

H- 14. SM .- 10\. 51t L' I~I 

CCJ2 
(CH 
001-\ 
((75 

CCl6 
(CH 

C018 
(C19 
cceo 
COll 
ceu 
(en 
CO.~ 

(CU 
(tu 
ecu 
oce. 
ete9 
(''i0 

"-rc91 
CO'il 
C09) 
Ç09~ 

eC95 
CC9" 

HO N$CSl-HSC-I 
DO 110 l'I.PlSeSL 
l'u-,,se-I 
"0-""+1 
DI! 110 J",/IV 
fC,FF'ISIHIJI-ISIHIMO' 
IfIIOIFf.LE.OI GC lC 110 
'Oll'·ISI~I"C' 
II:A"-IINI:I"I:I 
1 SINt 1'01-1 SIN 1.11 
ISI"I.JI·ID"~ 
IIPlOIMel-IINOIJI 
'I~OCJI-Ita~ 

na eeHTlHUE 
NlUO-) 
"'RlfEIICUT, .. 

, FOI'''ATl'UHO 
DI! UO 1-I,,,,SC 
CX-15IHlll/l0COOOO. 
t •• El'~/Z./SCP'loxl 

H 

SlASa'-IINOIII'lcceeo. 
IfISl"SKlllZ?,lll.lll 

III IFICIII-5LAS"loO.S 
COIO 2U 

2i2 IfIGII'-SlASII-0.5 

" L~ 

221 5l.5.2-111 .. 01 II-IF'GI 1'-IOOCaOI/IOce. 
IFISl"SI21313.444.4~ 

444 IFIGI21-Sl.SK1'0.5 
COlO H5 

~!3 IFICI2'-Sl&SIZ-O.S 

""so-<: 

445 SlAS~1-111ND' 1'-lfIGll'-'00COO,.FIGI2'_1oo01/10. 
IFISlAS"3'5~5,S56,S56 - < 

'555 IfIGI1'-5l.5")-0.5 
GOlO 121 

5~6 IFIClll'SLAS"ltO.5 
121 "'UO.,;Ut 01 

IFIHA"D-601120.666,f6t 
ut 'fRAO-C 

IFII.fO."sel co TO Ile 
"" ilE 1) .111 

11 f 011"" H 'l' 1 
wA Ilf 1 ),'n 

120 w~I'E'IOUf.10IIIFI;IJ',J.I.]I.ISINII'.C. 
10 FOA""TIIIO,2It, 111.Fl0.5' 

111-1 
AETUAr.. 
fhO 

Clluno 

c". 

l~ ISINIPlSC'-SINSC-1000000.+O.5 
II~CI~SCI-11H.1CCCCC·I'~-IOOOt'll.10 " ·C"IC~S I~ EffEC'. NOTE~",IC,EaCCIC.ScuatE."CLISl,MODEt~.~OAD.MO'l'.hC1ES' 

.[plle., I~ EFffCl. H~~E. GEHf~' • LlhECH' • S6 25 t't"Llfcl GO TO 100 
ZC CC~lIhUE • 

"" 1 fE IIC""t""'SC 
• FnR".T'~3"0 Hl"BER OF GE"ER"TED SI"SO-T"ET" V"lUE5f I~I 

tST"I!fICS. SOlRCE 5'arE~EPlrS • ~6,P~CGA"~ SilE • 
-S'.'ISTles- he CI.~NOSlles CE"EII.'EO 

15504 
N 
00 
00 . 

1 

<.:~ ! 

...1:;: 
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FCItTUN IV ,1 

, 
'EU&!{t.O --------CëlJi-sl----- --t.~·T60lT Ol/12/10 Fê'T.'~ IV Gl aElE.SE 2.0 EXT DATE • leOn Cl/UIlO 

«Çl 
CCCZ 
nC) 

ccc, 
(cC! 
(CU 
((C7 

ccCt 

ce09 

(CIO 
CCll 

$"POUliU CO"'$1 
<~M~ CUM".,ED •• '.ElA".CD~'IZ'.EKC'61 
VSC_eClll •• Z.ECIZ1 •• 1.EDC11 •• Z611-C05IEOI411 •• Z-COSIED151'··2 

.-(051[CI611 •• Z.2_CC51EDI",.'05IEOI511.C05IEOI611. 
EKOI1'·EL'~ •• 2.EnIZI •• l.EDI116.2.SINIEDI4" •• 2/4/VSC 
EKCI21.El'~ •• 1.ECI1' •• 1.fCI)' •• Z.SINIEO"'I •• Z/4/VSO 
EKOI"_ELA~ •• 2.EO(1) •• 2.ECllt •• Z.SIN'EC'61' •• Z/4'VSC 
E~O'4'_ElA~ •• l.Enll' •• I.ECCII.EOlll.(CCSIEOI"'.CCSIED1611-

ACCSlfCI4'IIIlIVSQ 
HOIS I.U· ..... 2.EOIII.eoIZI .. Z.fOn 1.ICOSlEOl" ',.COSI E016l1-
.CDSlfCI~II"l,~$C 
[KOI6'_(l.P •• 2.EOCl'.EOIZI.EOI~' •• l.ICOSIEOt411.tCSIED1"'-
~CCSIHI611112lVSO 

aEnRM 
EhO 

_CPlIONS lM EFFEt1. MCtEft~,IO.E!CC'C,5QUACE,MClIS'.NOOEC~.lCAO,NO'I'.MCTEST 
.e.'lo~S Ik'IFFECl. NAPE _ CekST ,LINEeNJ. 56 
eST.11~T.cse SC~R(E S,ATE"ENTS - Il,PROGRAM SilE - l2~Z 
.~TAll!I'CS. MC OIAtHOSTICS GENE.'TEO 

t 

---

, 

• 

" 

1> 

C(Gl 
CCOZ 
CCOl 
(CO~ 
CCC, 
GCC6 
(COl 
CCCI IC 
CG 011 
(CIO 
ecu 
0012 
ecu 15 
CCH U 
eclS 
COI6 
~cn l'il 
CCII .C 
0019 
cezo 
«(21 21 
Oe2Z 
CCU_ 22 
«24 

SUDROUTlaE EXIIINtll.ILI 
lOGJC.l ENteEl 
CC~MOH CUM'ZOI,IEX'.ISYM.H5'GA,EkOI ••• IFIGC51 
1-1 
lFtlfIG'ZI.NE.O.OR.IFIGI1I,NE.o.ca.IFIGI.'.NE.OI Ge TC 10 
lElIl-l 
Ge 10 lO 
'1_IHa.fIGIZI'IK.,F'GC' •• 'le.fIG ••• 
Ifl'fIGlll.lE,O' GO le l' 
1-IK'll 
E"'CEl-,f'LU. 
GO 10 )6 

htcEl-, TIlUE. 
'fl"/lfIGIS'.lfIGI51.EO.II •• NO.ll/zez.Eo.I.0R.ENkfLIJ co TO 19 
IEU-C 
RElU"" 
IEXf-l 
IfIIS~',NE.11 GO le li 
IFII".L'.IK.O •• I~.lT.ll.a-.tN.LT.ll' IE~T.O 
ItElUAN 
Ifl'SY,.aE.Z.'NC.ISY'.kE.l, GO TC Zl ç 
IfllH.LT.IIBSCIK" If,I'O 
a"'URk 
Ettll 

.C'TIO~S IN EfFEtT. NOTf.".IO.EBCt'C.SO~CE,NOlIS'.MOOECK.lOAO.NOP.'.MCTEST 
-,plIeu I~ EffEC,. .. ,,,e - EXT· • LIHEC'" - St 
.Sf.II5TIC56 SOlRtE Sl.JE'ENJ$ • 24.PACGII., SilE· 916 
tST'T1SlteS6 He tl.(HOSTles GEHE~.tED 

.4 

N 
()O 

10 . 

1 
1 
1. 

1 
1 
! 

1 r 
1 

1 

i 
'/ 

"'" 
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'OVOE~ DaTE - 160)1 OIlUIlO 

CCOl 
(cn 
(CCl 
CCC" ' 
cccs 
(Ce6 
(CCl 
ecca 
cccç 
Cetc 
CCll 
ecu 

-ccn 
CCH 
ccn 
ecu 
CCll 
(CU 
CCI" 
ce20 
COU 
(C22 
CC23 
CCl" 
CC25 
(CU 
CUl 
CUI 
(C19 
COD 

FUNCtl~ ÇEtl' •• ".la'I. 
ÇI"~SICk ,aI6.1 ••• 16.11 
"-"'1 
on , 1-1 ... 
OC 1 IK-&'I' 
AII,IKI-YUI.IU 

, IFtllln.fe.O' GO lC 10 
00 2 1-1." 

2 A(J,I~'t,-all.l', 
le 00 2C l-l.N 

IR-O 
IFtAII.II."E.O.OI GO la 20 

11 IR-IR.1 
IFIAIIR,II.EQ.~.OI GO TO 13 
CC ." IIC-l." 

1" AII,IKI-_11.1J' •• IIR,IKI 
20 CO~TllluE 

... ·H-l 
oc JO III-l, .. " 
1''''''IR+l 
OC 10 IK-""" •• 
FACt-AIIR,IKI'.II •• I.' 
oc le 1-1,04 

lJ &ll,IK,.AII,IK,-,AC1.AII,IIII, 
CET"-l 
OC 40 lai,'" 

"0 DEIA-DE1~.Atl,l' 
On·CnA 
REII.RN 
E"lD 

.cprIC~5 I~ EFFECT. HCTERH,IC,EBCCIC,SoURtE,IICLIST,NOOECK,LOAO,HOIIA •• ItOTEST 

.CP'IO~S Ih EfFEt'* NA~E. DEI , LI~eCH' - S6 

.STATIStICS. SClAtf STATE,EHTS • 10,PROGRA" SIZE • 1106 

.~lAtl!TICS. ke CfaCHCSTICS GE"ERAtEO 

CCClI 
CCCl 

cco, 
COO"' 

ocos 
C(C6 
CCCl 
CCCI 
CC09 
CCIO 
(Cil 
0012 
eCll 
CCI" 
CII15 
eel6 
CUl 
CCU 
C019 
CC20 
CC21 
0022 
CUl 
«(24 
0025 
CC26 
«(21 
Ce18 
OC29 
cno 
CC!I 
CCU 

(0] 

C0]4 
Ce15 
CC!6 
CC)} 
C03. 
ce19 
e040 

CC". 

(e"2 
COO 
CC"" 

SU IIIIOJt 1 Ml 'OItDEIII'.,. l , 
DI"F.NSIO~ 1"1'00I,IKI3001.IL'100',ISIHI)OO,.IC~IN"COI,cnI6'. 
~nIAI6',EhYKi6I,RECI6',SIG'6I,AI11.A"EC(71.ISC"'.',C~1II~.6I, 
~Sll~, lI, VCU.lI,t II., ", l'ion,,1 ,.,01 .'H 61 ,rVA".F II" A' 
CC~"CN Ih.IOU'.NRP.10.fOI6"ELJ~.I~~I~,I~"aJ.I.~,~.I~""J. 
JIL~I~,'l~Aa'S"'N.S' ••• lrCL.IE.r,lsyp,hS'C'.EKr..6I"'1"5' 
REAL·" ClIWER'le",.,.0~ALUE'2.0'5,O.,0 •• C.,l.0"7,C.,C.7'6.0 •• 0.524. 

-0.391,O.191,O.191,O.15,0.681,O •• 0.111.0.214.0.7'6.e.,O.16,lCCO.,I~ 
.CO •• 1COe.,100C.1 

DO 2000 1-'.6 
2000 Slll, 11-0 

Jo-a 
'Ra·C 
'FIN'P.EO.Z' EO la IQO 
REAC IIN,IIElAl'­
FORIIAlI Fte. fil 
WAITEllout;ZIELAM 

2 FCIlI'&TI1~kO NAVE lENC~T .5 fl0 •• ' 
1-1 

~O RE40I'N.)'I~1 .',IK'I,.ILI.'.IS,""I 
, FCA"Jr"IS.IICI • 

IFIIH",-999152.50,50 
:2 I-IU 

CO rô 40 
50 " .. lT-l-l 

IoR IIEIICUf ,",1 
" FOR"A,,·' 1 .. e AeF(HE~E~ .5 IIASEO CH I~CEIEC !tE'lE_IC'S', 

OC 60 1-1.6 
fe EIIOIII-O 

GO TO 200 
100 IFIIO.EC.I' GC '0 110 

AEAOIIN.5IEDI11,ECI2"EDIJI.EC'4I,EC'5"EDI6"El&" 
~ FORHA"3fIO,4,"FIO.6' 

IIR ITHICUT ,61 

~ 

6 FCR~AT'23"0 IhPUf tEll t'I'ENSIONS, 
kRITECIOLf.l'EOC1"eO'4I,EOI21,EDIS',EC'j',EO'61.ELAP 

l FORIIAtC'oa -·,F9.5,10 •• ' Alf •• "".4." 1.',F9.5.10a,'IETA _', 
2F9.4." C -'.f'.5.10.,·CA""A -'.F9.4."O LAMID' · ••• F9.6./' 
00 49. ,. 4,6 "9. EO'II-EOC".1.1",15926536'110. 
CAU CCUT 

110 NRITECICLf,8, 
• FOR"aTI46~O Tt-E REFINE~EN' 'S !ASED Ch GENE.A'EC I~CltES' 

REAOIIN.911t-HI"~I~PA.,IK"IN.IKHAJ,IL"IH,ll"AJ,5"'h,s~aX,ITCL 
9 FO."ATI615,2'5.5,15' 

IoR 1 fEIIO\lI.10 1 111"'11. 1 ~"U .III'IN,I." ••• lU' IH, IL" •• SI' Ih. S"A.C • 
• nOl 

10 FCRHATC'OGEhE.Atl~. IIA~GES'.I' ~"fH .'.I~,5X,'~~AX .'.'5,1' ~~IH _ 
.·,15.5J,·."ax -',15". L"'~ -',15.S.,·l"'.- ',15.II'OSr~SC-T~e'A .. 
4111·'. FS. 3, 511, • S'NSQ-ll'e TA HAlt .t .FS. ).11'0 r"OlElIl hG lCLEIIIA',Cea', IS 
-,1111 

1-1 
120 REAOIIH,IIIISCIIS.II 

11 'ORHAre 1101 

~ 

N 
I,t) 
o .-

.,..-ir_nr' nunc 'U~em 7 1 15J " m ] -. ppTr Sri •• ;;.... "'1'" 7 _: p., 7 m r 



:1"" 

fCU .... Iv Gl 

""'5 CC"6 
CC41 
CC41 
CC"" --~, 

t(SO 
(cn 
ccn 
eC51 cc,,, 
CC" 
("6 
eCH 
CCU 
CO 59 
cua 
(CU 
CCe>2 
ecu 
eCH 
cus 
eCH 
(C~l 

1 ecu 
ccn 
CClO 
CCll 
eCll 
CCl) 

CCT" 
«(7' 
(C76 
(en 
CCli 
CCl' 
cceo 
ceH 
ceez 
ecu 
eCII4 
eces 
(CU 
ecn 
ecu 
(u .. 
(e.a 
(cql 
CC'i2 
tC .. 3 
CC .. " -cc .. , 
(t'il: 
(C'il 

o 

R!ElEUE l.O 'POllen 
" IFIISoaS •••• GE •••••• 9' GO TO 130 

I·hl -

CATE • 16031 01'IZ/3fC~lR.~ IV Gl 

C091 
Ge TO 120 

nc "SC.I-I 
VR nEI r~" .121 

12 FCRKATI'O I~PLT SI_SC-THETA YAlUES'", 
~RI'E'IC~'.ll'IISCIStl'.I.l,MSOI 

I! FellMAT IIIlO 1 
HZ JC·Jt.t 

W.ITEllcur.l""JO 
l' FORN'TI'l CYClE'.111 

'''l'n·o 
oc 150 I.I,~S( 

He I(SINU '.C 
""PI .... I .. M 11(+ 1&:0 
...... ""·1 .... &1I+1.:0 
JltPIH-IICPI_HCO 
J''''''·IKMU.1CO 
.. L"'''.llPI ... t(O 
.JL ..... ·IL .. AlI·I(O 

J)C 160 IJh·~h"IH.JH"AlI 
CC 161 IJK.J.~lk.JKPAlI 
De 162 IJL.Jl~IH.JL" •• 

- Il"·1.1"-1-(0 
Il.''UIt-100 
llL-Ul-leo 
(&foL E'H " .. ,11It,1I11 
IFIIEl~.fQ.O' GO le 162 
SI"SC·ElCt Ill. 1 1 .... '+EIt0IZ'.IIIC •• 2.EICOI 11.lll •• 2.EICOI,,, •• IIIC*'IL 

J+EKOIS'·I 1".1 ILtEKCI6'.lt"*I'K 
IFIS'~SC.Gr.s".x.OR.SIHS~LT.SPtH' GO ro 162 
ISh a SIMse.,OOeoaO.fO.5'IAl 
OC 161 r-I.tost 
IDEl-ll8SIISO!SIII-IShl 
IFCtrEL.CT.JTCl.0II.IDEL.GE.148SIISoeSlll-ICSIHII"1 GO 10 161 
IFCleSIMIII.Ee.OI k"IT.HHIT+I 
I(SIHl! lal!H 
''''lltaU'' 
IItI !Jailli 
ILtI'·lll 

lt! CO'CIl'CUE 
leZ COTltoUE 
UI eC .. TI~UE • 
ue CQ~"NI:E 

JaO 
CC 110 l.l.~SC 
IFIICSIHII,.EC.O' GO TO 110 
JaJ·t ' 
I .. CJI· .. ·Cn 
l'IJ'-IKlIl 
ILlJ '.ILlIt 
ISI~I"'·ISC!SIII 
IC~lkIJ'·ICSlhlll 

nc COHlIMUE 

~ 

\ 
,..-

CO" 
Cl CO 
ClCI 
CIez 
OIO~_ 
U04 
C1CS 
C106 
UCl 
(1ee 
0109 
C110 
CUI 
CI12 
OIU 
Cil" 
CliS 
C1l6 
CUl 
elle 
0119 
(120 
CUI 
Cli2 
0123-
CU4 
(U5 
CIl6 
C121 
CI211 
C129 
ellO 

cnl 
CU2 
ClB' 
Cll~ 
0115 
(1)6 
Cl!} 
cua, 
CU9 
(140 
OHI 
CHZ 
elH 
C144 
01105 
Cl 106 
C141 
(1411 
C149 
C150 

, , , 

,~ 
<, 

} 

i 
Î 

IIELÈ1"SE Z.O POWCU DUE. non Cl/llnO 

1 

o 

2CO IFIISY~.Ea.11 k.l 
IFIISYP.Ea.z.t •• ISY~.EC.'1 
IFIISYM.fQ."" H.] 
JfIISY~.EO.'1 "-4 
IfIJSYM.EG.6' ka6 
MaN" 

"·Z 
1 

! 
1 

IFlhHIT.GT.H+lI GO ro 210 
\.RIfEIICUI.15' 

15 FORM4JC5SHO ~~MftER OF rOlE.AIEO SINS~-IHETA Y&L~ES Hef 
REJUAN 2 SUfF'CIE~JJ , 

210 IFIJQ.EC.O' J,.IT-HNII 
211 IfIJo.EC.I' J ... IT .... Z 

IfIJC.EC.ZI J~IT.H.I.CHHIT-N-I"Z 
IFIJO.EC.3' JI-IT-HHIT 
IfIJO.LE.1I ce le 212 
wRlrEIIOUI.1115. 

1115 FCRMATI40HO 'tEllE 15 SOME'NIHC lUITE ••• voua CATa' 
RE TLlIH 2 

2U 15UMH.0 
ISUM_·O 
ISUIL-a 
00 220 lal,JH" 
ISUHH-IA8SIINIIII.ISU .. H 
IS~~~-IAaSII.lltl.ISU"1C 

2.C ISLML.I&ISCILII"'ISutL 
ISUMA-ISU~"fISL~. 
IfIISY~-1'2l6.226.IZ1 

2e6 IFIISO~A.E~.O.OR.IS~~l,Eo.al Ge TC 2'1 
GO rD 22l ' 

221 IF'ISU~H.NE.O •• NO.ISUt«.He.o.AHD.ISU"L.WE.O) 
UI JC·JIJel 

.. R ilE IICUT, lU 

.), 
GO- .. Y~ 222 

J-;';; 
J;; 

16 FORMATI1~~O FCR III REFlEXIO"S ONE CE~TAI" IWOEI 15 ~e~E~ 
, 'NY HC~-leAO V'LUE' 

CO 10 Zil 
2.2 CO 2B '.1.1 
223 ISUI'IUa3 

&SUllaO • 
00 211w lal.JH If 
lSU"'ASU'·ISI~II./ICCCCOO. 
ISLI'll'·ISc"ll'·IH'fl··2 
ISL~f21·ISU"121.IKIII··Z 
ISU .. IJI·ISU .. C! •• IL.II._Z 
ISL"IIw'-ISU"14"I~III.ILIII 
/SU'hlal SL'" 5hIHIII_1 LIll 

2.4 IS~MI61-ISU"lt'.INI'I.IICII' 
l'I1-JHII 
00 225 lal,6 

225 &l'eOII'-ISUIII 1"l'lr 
~ .~ECI1'·.SU"/J"IT , 

IFIN.EC.11 .IIEOII'-'''EOI1'+A~EDI21.&'EtI1' 
IFIN.Nf.21 GC TO oilC ~ 

.l'eCI1'·.IIec'I'·'''EtI21 
AI'EOI2 '-AIIEOU' 

\ 

1 ~ 

ASSIG~fC 1 

N 
'l) .... 

l " 
! , 

.- • _? < ) S M _ WnrM=mM'r, M'Nt" v-_--..,--



~t~~:i~':~_': SUi ~ AiZI.;; ~~, ...... _ ,.. _""" , ".. _~."_ .. *'" _ .. >< ________ _ 

~.t"'l:1 ,dt·jg$twte#rbtt.t' Mt t'tt'st M _5 , ••. , tU""..,..... d't •• =" o.p.,'trrrb_r lid"d~* _st .b.tit',"",.:, ,xtebaitM;tft' 
~ ~ . 
~~l 0 0 ., ~ ! 

,"" 
~;: ' - -
~4.,1 

~.k; 
~~ ~~' . . '"'-;:~~ 

fC~TIl'r( -ïicfr-nCElsË I~O l'OWOlllt DATE. 160n 

!~" 
); 
" .:", 
[ 
t 
\, 
r 

~~~ 

~"' 

CUI. 
(lU 
Cl!' 
CUl, 
Cl!' 
(Ue 
eu1' 
(l,a 
CUt 
Ot60 
(lU 
UU 
UU 
cau 
ClU 
(tu 
Ct61 
uu 
Ut'1 
CIlO 
(Ill 
Cl1Z 
UU 
tin, 
un 
(llt 
Cl1T 
cn1l 
Cl" 
(UO 
Clel 
CH2 
Cln 
CUl, 
Cl!' 
ClU 
un 
CIU 
U!'iI 
U90 
C191 
U0;2 
CIU 
Cl"" 
Cl'" 
Cl'it 
Ol'Jl 
Cl'JlI 
Cl'iO; 
Cleo 
uel 
ca2 
un 
C2010 

IFcrsvr.ÉC.'1 ArECCll-AMfC'II.AIIEOC61 
IlO l,tN.IO.41 A.IC(4'.'~fDC51 

DO ln '''l.t: 
E""''''B·EICCC Il 

III S IG.III-O • 
1'10 U2 IR-I.II 
CO 1'2 J-h., 

211 CIIR •. "-O. 
OC 142 IJI-I. Il 
00 a4, J-l.r 
cC! 2'0 1-1. JI' Il 
Alll-ISI~III'lOOOOOO. 
AIII-I"I.I··2 
Atl'.IKI'I •• i 
AUI-IlIO"-1 
"14 1 .11(( II-IL III 
AUI-I .. C J 1.llll' 
AI6.-I",IIHICIII 
IFIII.EO.I' .ll.·.~11 •• t21.AC" 
Iflll.HEa21 &0 TO Z33 
"U'-"IU·"UI 

'Al21-AUI 
lFIISYP.EO.') AI11.'ll'.A(6, 

211 IFI~.fC.4' AI4, •• t" 
'1~'··I1t 
.... eoe .. '·APIEOCn 

" 

240 CI'R.~I.CCIR.JI.CACIR'-A"eO'IRI'.'ACJI-A"EDIJ" 
1'" CCUlr.oE 
'''2 CQUINUE 

OE"O"-OEI(( .H,OI 
1"CIE~(P.GT.O.02'GCTO 24' 
IoR lue 1(1.1.66 •• 

--, 

ete FORMAI.·C LEA!I SeLIiRES "ErHOD F .. ILED IN THIS CYCLE'. 
GO TC 142 

241 De 241 '-l,fi 
E"YkCI.·OE'IC.H.11/DE~~ 
IfIE"TkCI •• GT.O.COOCOll CC lD 241 
... ITfIICUT,11161 

11lt Fc."Ar. 'C OHE '''CEj ~AS AL".YS T~E SAHIl VALue', 
.10-.10+1 
GC TC 211 

241 CC"TlHuE 
IFIII."E.1I GD 10 242 
IlkOIlI .. e~T" tl. 
EI<CI11-E"TI<fl , 
EkOC .... E"Vkll' 

242 tfCN."E.!' GO TO 243 
EIICIl'-EUk 111 
EIIOI11-E"VKI1I 
EKOU'·E"VOIU' 
IfIISYI'.EC.31 EIIDI6'-EHYKI1' 

241 lfIH.Hf.l.AIIO.H.HE.4, GO TO 24' 
(10 144 1.1.1 

Z44 eKOCI'-E~YKCII 

... 

'a 

fOlHllAN III Cl 

ue, 
0206 
ue1 
czea 
U09 
(210 

(ZU 
CU2 

un 
0214 
U15 
C216 
C211 
(211 
C21t 

U20 
.(221 
(222 

'C223 
C424 
eus 
C226 
(227 
C2211 
C229 

(no 
(231 
(232 

U!) 
0230\ 
U!S 
ene 
un 
cnl 
C239 
CHO 
(2101 
CH2 
C2t,J 
C2 .. 4 
tHS 
CH6 
C2n 
C24a 
CH9 
C2~O 
USI 
C2S2 
UH 

/1 

~> 

IlELEASE 2.0 ~IlEIi CATE - 16011 011121'0 

'-" 

IFIN.EO,41 EKCt5'.E,Y"f4' 
24~ IfIH.HE •• ' GO '0 241 

DO 246 1-1.6 
24t EICOIII-e"YkCI, 
24' ""lrECIOUT,I'1 .IHIT 
l' fc ..... rC·o ~UMfEIl CF .EfLfKlDNS.',14,11' SIH2TH CALC '.E IASEO 011 

,AEIIHED CCHST.HrS"lllt 
WItIJEUOUT.18, 

ta fCRM .. r l '0 H L 
SI """ 

SIIIZr" 
Il D-cas 

K 
C;-C'Lol' '-

CIFF 
cas CALC·' 

HRAO·1l 
DO 250 1.1.3 

" 
2~0 AEClll-2.SC.TI~I<C'III'ELII~ 

RECI4'-Z·E.OI41/IEL,P·.2·ltfCI2,.ltfCCJII 
RECI5'·2.EI<OI~I/IELA ••• 2 •• ECC11.ItECI11' 
RECI6'·1·E~Ol61/1EL.~ •• 2-RECCI'.IlECtZ.' 
VREC-RECI11-ltfCIll-RfCC~'.SC.TII·2 •• E(C4,eAfCf5' •• f'l.1 

)I-RECC~ ••• 2-R[CI~I •• 2-RECC6' •• 2' 
OC 255 1-1.4 

2~S DIII-DYALUf(I.ISv~t 
IF(HSPG •• Hf.2.'HD.~S'GR."E.l' &0 TC 2'1 
no 256 1-1.4 ~ 

Z~6 DII'-0.5_DII' 
2~1 IFINSPCR.HE.4' GC TC 25. 

DO"l!'i' I-I.~ 
2S. tlll-0.25*tll. 
2!9 DO 260 '-l.JHIT 

IcsrNf".CfKOII'*IH" •• e2+EKC'Zl e l"'lt •• Ztf,eCl,.rlCI'.e2. 
XfK~I4 •• I~'II.ILCI'.fKC'5\.IHfl'.ILcrl.EKO'6'.I"Crlel~''l'.I.E6 
10fl-ISI~.II-ICSIHCI' 
Gl\lr-s- Î»fU.11 
IEPS-Oa5.YRfc/rros-cCI'.SORTCGLUfS/lOO.Ct.O(2 •• ItECt~'+DC3,-IIEC'Z' 

- )I.DI4\-RECI1\I-l000000. . 
DAS-IS'NCI'/1CCCCCC. 
OCA·ICSI~III'lOOOOCO. 
OAr·ElIIP'2./'jC~Tcc.e, 
O~EL"~'2./S~ATIOC'. 

--:.~~ 

WHITE'IOUT,I" 1~lrl.IKCII.IL'II"'SINIIJ.'CSIN.r'.ICEl,C ••• CCA 
l' f('~Aflllb"112.21t.101l.2ftO." 

NRAD-NAAO'I 
IFINIlAO-60'26C ••• , •••• 

luta /dIAD-O 
IF'I.EQ.~HIII CO Ta 260 
ItIIIlEC l.llel 

lla FOAIUT!'I", 
.. AITEn.II' 

2tC 11l.-1PA*IOfl 
IRA. 1 "'" JI<" 
IFIHRP-2161.,tl'.6'. 

61. IFCJQ-111~2.611.611 
fla EDI1\-RfCt21.~ECC'I.SCA'll-.ECI4,e.2"V.EC 

Ftl21-RECC1\·PECC1'*SCATfl-IlEct~' •• 21/VIlEC 
EDC1'-RfCCII.PECIZI.SCRrtl-RECI6'._21/vaEC ~ 
COC~I.IREC'SI.RECI61-IIECf411/SCR'fll-.fCI51 •• ZI.ll-ItEC161 •• 211 

N 
10 
N 

1 
1 

1 
1 
1 
i 

1 
1 

1 
l 
1 
! 

·1 

1) 
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~~t 

1.
foL:.! ... 

'7' 

l,. 

ta ... 'fi Gl-'~Li.se z~o- ------'OtltEl ouè----;Jiôn QUIZllll F(jT.A~ 1'1 ca 

C25" 
CZ~5 
Cl~t 
ClS? 
C15. 
ClS') 
C2tO 
UU 
tlU 
CZU 
C264 
eus 
CHt 
cnl 
C2t. 
cu. 
C270 
(2U 
CUl 
CHl 
C274 -
CIlS 
Ult 
Cln 
(271 
U'19 
02110 
!:2U 
CUl 
un 
Cla" 
CH! 
(2U 
U81 
C2U 
C2" 
C29() 
(291 
CH2 
C2'11 
(2'14 
CZ'l5 
(2'16 

tZ'iJ 
CZge 
cz .... 
nec 
Oct 
(!C2 
Cle] 
l't'\' 
C!C!" 

COC5.".ftI4'.I!CC6'-I!CC"l/SOlfl(1-AEC~4' •• Zt.tl-REtl.' •• 2t' 
CCI61.IRECI4 •• REeI5.-.ECf •• "SQRTIII-RECI4 ••• Zt.11-REt1" •• 2" 
PI-J. HH.2.5l 
co 271 1·4,6 
IFC.~SICCtl.,.'T.O.OOOI. GO ta 270 
tOI Il.'112 

. GO TO ZU 
210 ECIII.ARCCSICctIJ' 
211 C~"HUE . • $"". c: 

00 175 1 ••• " .. Il 
21' '$I.~-ASI.~.IIISI~'I)-IC$lMII)l/l.E6' •• 2 

S~~N·ASL~/IJHII-N' 
CO ZIIO 1-1.6 
CC 210 "-1.6 

IfG 'Woel, .. '-O 
00 290 l-l,N 
CC 2'10 Jal." 
DO 2115 U-I, .. 

_ 00 lll5 ~.l,H 
Z8S SLIIR,"'·CIIR.". 

-. 00 Z'6 JP-l.H 
~ 2ft SLIJP.J'-' 

SU"J'-l 
290 YCIJ,I'-SU~~/C!NO".DefISl, •• OJ 

IfCISYP.EC.6' CO TC 'CO 
IFIISYP.He.S) CO TC Z~' 

<t V[15,5'-VC'''.41. ~.' 
, IlC 2''1 I-l,l ' 

~OC 5,11-,,014,11 
l'II yell.S,·..,CII,4' 

00 Z92 1"1 •• 
11014.11-' 

2<;2 YCII.".-O 
Ge Je 100 , , 

2<;1 lFll~YP.EC.l.C •• l$Y'.EC.41 'C ta )00 
fDl)~)'.VC'2,l' ~ 
veU,l'·VCII,2. 
VOI),II-YOIl,lI 
no 194 1-1,) 
VCIl .1'-0 

2"" vell,2.·0 
!CC YREC·SCR'lt~.e.Ofl~.E'C(ZI.f.OIJ.'16.fKCI.'.EKCI5 •• E.0,., 
~ .-16.eKOI11.eKC'''J.~Z-16'EKOIZ,.eKCIS' •• 2-1 .. E.O(JI.EK~ .... Z., 

JeELA" •• ) 
DA-l./Z./VREC·16"·EKCI"·EKCrJI-16·EKCI~I •• 1I/ElA~··6 
DB·I./Z./IIREr.·C6~·EKOI11·E.CI1'-16·EKCI5 ••• l"ElAM •• ' 
OC-1"./Z./IIIlEC*164.EIICII "E -16.EKOI6,.*Z"ElA" •• 6 

~ tC-,./Z./yREC.CI6.EKOI51' 0161- Z.EKOII.*EIIOI""/ElAH*.' 
~·I./z./v.eC-116-E.CI"'- KOI6'- Z'EKotl.-EKO'S."ElAH •• , 
D~.I.IZ./V~fC.116·EKCI4' EKCI51- 2-eKct),-eKOI6"/ELAH •• 6 
UA-2/CEl.~ •• Z.SQA'I"·EK (2).~OI '-EIID'''' •• lll 
rfRII,I'.-[Crl'-CAlv'fC 
OERII,2'.ILA.2-EKCI)'-ED ll-DB"YREC 

ue6 oc, 
ue. 
n09 
nlO 
0)11 
CUl 
UU 
Cll" 
UI5 
ell6 
Clf'J 
Olle 
cil'! 
CUO 
(J21 
(lU 
C:!21 
(32" 
C325 

n26 

cn7 

~~~~ 
C~~O 
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APPENDIX 2 
/' ,~ 

TBX'IURJ: DETERMINATION METHOO 

A.2.1 

, 1 I,~ ) 

Sample Preparation 1 1 ~ 
, The Zr-lOt Nb a llo~as \hosen f as trpifying ~e softening 

tbehaviour of the high niobium alloys. The~mples we~e annea~in ~ne 

same manner as the ~tandard co~ression samples, that is, they we'e held 

fôr 30 minutes at IOOOoe and subsequently coo~.to room temperàture at 

a rate of lOC/sec. The samples were then ~rehe~d for 20 minutes at 

825°C, and deformed to strains qf,O,.0,'081~'·O.4 and 0.8, xespeetively. 
, ' ~ 

The ùndeformed sample p,ermitted the determinatàon of the texture prior 

to testing, and,the oth~trains wexe chosen so as to exemplify the 

develop~t of texture ~t~strain. 
"/1 III f ~ 

The tested were spark eut into slices about 0.75 mm 

, \ 

thick along planes parall~l 

sample were . 

1 
bar axis; the s lices l.ained on each 

( being taken to kee their relative' , 
orientation lonstant. The mounts, were first polished on silicon carbide 

paper, and then fini shed on ~ wheel using diamond paste. In order to 
1 

" Jo _." 

eliminate the surface cold work introduced during polishing, the samples 
e ' 

were etched using a solution of 46 parts H20, 46 parts HN03 and S'parts 
,~ " 

l i 'dl act c aCl " 

A.2.2 Experimental Procèdupe fon ~xture Determination" 

The text~re goniometer was a p~ups PW 1078/24 mOdel.~ The \ 

, counter arm '1as positioned so as to receive the (110)' diffractecl D~am only 

(26 ~ 35.2°), fine adjustments being made 50 as, to maximize the diffracted 

intensity. 

Il . 

1 (Il 

: 1 
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The sampl\ holder was able to perform one translation and two 

rotations. The translation mQvement was paraiiei to the plane of the 

sample anq was designed to average the diffracted intensity over a largè 

number of gr{l.ins. The first rotation (angle a) took place about an axis 

normal to the sample surface. The axis of the secohd rotation (of angle 

41) was contained in the plane defined by the incident and the (110) 

,refleèted beam and perpendicular to the bisector of .the angle defined by 
fi 

the incident and the reflected beams. The sample was initially positioned 

so that, for CI - 0 and 41 - 0, 'the direction corresponding to the compres-
~ !; 

sion axis was perpendicular to the above defined plane. 

The CI and ~ rotations are combined in such a way that when ~ . 

increases by 3600
, ~ increases by 50 (50 pitch). The locus on a stereo­

graphie projeétion of the directions taken when a varies in this way is 

given in Figure A. 2. i . The stereogram must be cons idered as fixed whh 

respect to the sample, and oriented so that the normal of the sample surface 
,f 

is at the.eenter"of the ~tereogram. The combi,ned movement of CI and $ makes 

the normal to the reflecting (110) plane desdribe a spiral of pitch 5°. 
1 

The oenter of the stereogram thus corresponds to reflecting planes Earallel 

to the bar axis~ • 

. \A:.2.3 Absorption Correction Curve 
, 

The surface area of the sample subject to diffraction varies 
l ,~ 

with the degree to which the sample is tilt~d with respect to the X-ray 

beam, that i5 with 41. This causes the diffracted intensity to vary with 41 J 

. independently of variations in the pole density. A correction curve was 
'(f 

therefore constructed in order to eliminate this spuriou~,effect. A 

n.~d9m sample was produced by compacting a powder produced by filing the 
~ ü 
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FIGURE A2.1 Locus on the stereographie proj ection of the 
reflecting plane normals, 'for t1:le coup1ed 
variation of a and 41. 
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alloy. The a angle was kept equal to z.ero and $ values were increased 

in" 100 steps from 0 to 700
• For eacll 4> value, the intensity was inte-

grated over 40 seconds each measurement being repeated 10 times and thus 

a grand average Ï}$) was obtained. A second grand average lb (c/» was then 

determined in the same way for the background by changing the 29 value to 

300
• The true peak intensity was then taken as proportional to 

(1(4» - lb (4))). so that the intensities could be normaliz.ed through the 

" factor F defined as 

\ 

F ($) 
Ï(O) - Ïb (0) 

(A.2.1) 

Here 1(0) and Tb (0) represent the values of 1($) and Tb (41) respectively 
, 

for cl> - O. The variation of F with 4> is shown in Figure A.2.2. The 

decrease of F is linear with 4> up to 50°, and then becomes sharper until 

the intensities are too low to be measured wi th a reasonable accuracy at 

A.2.4 Absorption in Transmission 

~" The absorption curve of Figure A. 2.2 shows that the full stereo-
\ Il 

g~m cannot be obtained by reflection of the X-ray beam only. Usually, 

a transmission method is used through a thit:'lned portion df the sample to 

cover the remainirig part of the stereogram. The overlapping regions permit 

the intensities to be normalized. 

In our samples. a thickness of 0.2 mm was the minimum that could 

be obtained with the sp~rk machine, leading without a great\ deal of difficulty 

to "0.1 mm after polishing. The ratio of transmitte~ intensity l.t over 

incident intensity Ii is 

... ~---~----_ .. _-
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It 
_ ~ exp(- (IJ)p x) 
1. p 

, 1 

_ whete p is the density (p :: 6.5 g/cm3
), x the thickness of the· sample, 

1: the absorption factor. The latter is, for various wavelengths: 
p 

IJjp (cm2jg) 

MOka 17.2 

CUka 143 , 
\ 

COka 211 

Crka 391 

It 6 
The ratio 1.'" for x - 0.1 mm is 0.33 for Mo radiation and 10- for the Cu 

1 

radiation. As a result J a Mo tube had to be used for transmission in .. 
order to give an appreciable intensity. 

A.2.S Alternative Method 

The standard method, which uses the transmitted beam is relatively , 

difficult ta apply. An alternative method that was fo1lowed is based on 
1 

the assumption that the texture has a rotatiotlal symmetry around the bar 
1 1 

(or compression) axis. This assumption is reasonable sinee aIl the defotma-

tians applied ta the metal (swaging, compres sion) h~d the above symmetry. 

The pole density for a fiber texture i5 thus dependent only on the,angle 

~ from the compression axis. The reflection method covers ~ angles in the . \ .. 
range 25° < ~ ~ 90°, The only missing reflections required to compl~te 

the pole figure were those fol' low ~ values', near the bar ilxiS. In order " 

to obtain them, samples were prepared in the manner described above, , 

excepted that the compression samples were sectioned a10ng planes 'perpendi-
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'-" 

cti!at to the bar axis. 
\ 

A new stereogram, similar to the one in Figure A.2.! was 

"'" obtained, save trat since the central point of the stereogram now represents 

reflecting planes peÈpendicular to the compression axis. The ZWD stereo-

grams, corresponding to sections parallel and perpendicular to the cornpres-

sion axis, can hqwever be ratated and combined in a single stereograrn in 

which there are overlapping regions. This is shown schematically in 

Figure A. 2. 3. 
o 

A.2.6 Data Analysis 

The intensities were ,recorded on chart paper, with tick marks 

each tirne a increased by 90°, The samples were run first with a 2S setting 

corresponqing to the peak, then repeated for a Bragg angle corresponding 
, 

to background ref!ections only. About two hundred point pairs were read 

off each chart, giving the true intensity (Ipeak - Ibackground) in arbitrary 

units versus the angular position of the re:f'1ecting planes (deterrnined from 
1 

the linear displacernent of the \hart). 

A computer prograrn was prepared, by means of which the data were 

'analyzed, the points were plotted on -the ·st'ereograrns, and the pole densities 

were calculated. The listing is given in Appendix 3. :rl1e computer first 

calculâtes a and ~ values from the data, and then derives a corrected 

normalized intensity n through the relation 

n(a,cj» -
(Ip(a,cj» - Ib(a,cj») x F(~) 

1Fmax 

1Fmax being the maximum of the numerator values obtained from the data points. 

This calculation was applied successively ta both sets of data • 
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. \ 

A rotation was then applied to the second set of results in 

order to place it properly on the first stereographie projection. The 

" points were then plotted on a stereogram (by means of an off-Une Calcomp 

digital piotter), each point being represented by a symbol related ta the 

normalized~intensity. Sueh a plot is shown in Figure A.2.4 and permits 

a visual check of the data. 

The computer then proceeded ta a normalization of the two sets 

of data, using the overiapping regions. In arder ta do 50, the stereogram 

was divided into regions' defined by 50 increase in 1/1. The lirst zone was 

thus defined as 0 " 1/1 < 50, the second one Sa ( 1/1 < 10
0 

up to 850 ~ 1jJ ~ 90 0
• 

r-
In each zone the average of the normalized intensities was 'obta.ined, together 

with the standard deviation. 
. .\ . 

In overiapping zones, two normalized mtenSltles 

were obtained, one for eaeh set. Their ratio, or compounded ratio when 

the overlapping region extended -ta severai zones was eomputed and applied 

to the averages of one set of data,- giving normalized average intensities 

over the full stereograrn. 
1- 1 

The calculation of the pole density p (j) for each zone j was then 

sirnply obtained from 

5 (j 1 )) iï ej) p(j) -
nO) 

The decision to divide the stereogram înto 50 zones was arbitrary, 

but it was felt to be a good comprfmise between the need on tbe one, band 

for numerous zones to give an aecurate picture and the requir,ement of a 

min:ilmum number qf points per zone on the other. 

1 
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A~PENDIX 4 

J-
X-RAY DIFFRACTION PA'ITERNS 

The standard corditiOns used were: 

,Cu tube, Ni fi1ter 

40 kV J 24 mA 

1Q divergence slit" 

0.2 mm receiving slit 

1° scatter sUt 

2 seconds time constant 

40 DUn/min chart paper speed 

10 /min,scanning rate 
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Zirconium - 15% N''iobiùm ,(Bar D), As-Received 

2e 1 Indexation 
a-Enase a-Ehase 

31.88 VW (loïO)a 

34.85 VS (qOO2)a 

36.16 1 VS (10Ïl)a (110)13 

47.86 VI'l (lOÏ2) a 

51.08 W (200)13 

52.11 W 
C> 

56.79 M ' (1120) a 

63.58 W (lOÏ3)a 
1 

65.13 l'l (211)e 

68.29 

The pe~ks are extremely broad, and at large angles (28 > 10°) the 

diffraction peaks can barely be distinguished from the background. 
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313. \"'-

o 
( 

1S Minutes! 

2e l Indexation 

34.72 IVW / (OOO2)a 

35.85 VS (110)13 

51.47 S (200) a 
64.37 vs f211~8 

75.91 VW (220)8 

86.71 VW 
....., 

(310)8 
, . 

, 

l 1 

o 

/ 
1 

/ 

) 

* 

! 
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314. 

1 

() 
Zirconium He1d 15 Minutes ' 1 

! 

2e l Indexation 

35.80 VS (110) a ~.; 1-
- " 
< ' 

51.26 M (200) a "-':', 
! , 

64.26 S (211) 8 

{ 
'" 75.84 vw , (220) s' 

'" 86.55 vw (3i1.0) a 
"'108.80 vw (321) B 

, , 

i~.'; : 
, : 

1 
1 1 - " , 
, 

J ' 

.() 



o 
Zirconium -15% Niobium 

at 1025 C, , 

, , 

28 

3S.74 • 

51.41 

64.19 

."'15.65 

86.69 

'. 
/ 

.0 
:'( 

l 

VS 

VS 

VS 

VW 

w· 

Indexation 

(110) a 
(200) 

a 
(211) B 

(220) a 

(310) B 

/ 

315. 
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316. 

Q 

26 l Indexation 

35.79 VS (110) 6 

51.28 M (200)6 

'" 64.22 S (220) 6 
~ 1 

rt;;..:-.? 
"-'75.75 VW (220) 6 

"'86.50 W (310) 6 

'1 "'97.5 VW (222) B 

1 

() ! 

\ - .' 
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• , 
Zirconium -15% Niobium (Bar 15A). 

Annealed 64 Hours at 1000oC. and Air Coo1ed 

, 

29 1 Indexation 

28.8 VW (0001) 
(' w 

32.0 VW (lOÏO)" 
, \ a 

34.08 M (0002) 
a 

36.46 S (110)13 
.-

(10Ï1) a 

/ 47.1 W (Ill) .' w 
(10Ï2) a 

50.79 W (200)13 

56.7 VW (1120) 
a 

63.44 W (10ÏS) 
a 

64.86 VS (211)13 

68.34 VW (1122) a 
1 

(' 

o 



~ ,-,., 
..1 ' 

G) 

~ 

() 

----------

Zirconium 15\ Niobium (Bar 15A)6 Annea1èd 94 Hours at 1000
o

Ç, 
Air COOled, Reheated to 825 Ç then Deformed at 8250 Ç 
at a Strain Rate of 1.5;10-35-1 to a Strain Qf Q,6 

26 l Indexation 

~4.85 VW (OOO2)a 

35.73 VS (110)6 

51.53 VS (220)a 
\ 

64.39 s (211)a 

75.92 M (220)S 

86.87 M (310)S 

'\1108.93 .J w (222)e 

1 \ 

318. 

;' 
1 

, -
, . , " 



1· , 

.. 
~' , 

1 • 
J 

1 \ 

Q 

o 

APPENiIX 5 

MICROPROBE RESULTS ON Zr-lS% Nb (lSA) AND Zr-20% Nb (208) 

1 

Sample designations 

. 319. 

#1 Zr-15% Nb alloy (bar lSA) annealed 5 minutes at lOOOoC, air 

1#2 

#3 

#4 

cooled. Reheated 1 hour at lOOOoC, water que~ched. 
As '1, except 4 hours at 10000C prior to air cooling. 

As #1, except 64 hours at 10000C prior to air cooli~g. 

° Zr-20% Nb alloy (bar 208), annealed 64 hours at 1000 C, air 

cooled. Reheated 1 hour,at IOOOoC, water quenched. 

Each average represents the mean of 5 or more vàlues, each of which 

involves integrating the intensity ovar 10 seco~ds. 
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320. 

\ . 
Niobium 

• Standard Content 
Element Count Devia~ion (Atomic Percent) , 

Pure Nb standard ,-, 

Nb 25763 77S 
Zr 25 6 

'! ' 

Pure Zr standard' 

Nb 1236 51 
Zr 3118 49 

III Clear area 
t-

'Nb 5111 77 15.8 
Zr 2528 69 80.9 • 

'#1 a" Elate-like fea.ture, ad2acent to above area 

#1 At 

#1 In 

#1 At 

Nb 5199 
Zr 2594 , 

triE le Eoint 

Nb 5502 
Zr 279.3 

the center of an adjacent 

Nb 
Zr 

other triEle 

Nb 
Zr 

'--.-
5855 
3270 

point 

5468 
2793 

" 1 #2 At triEle Eoint 

, 
\ 

Nb 
Zr 

6096 
3439 _. 

#2 In an adjacent, pin 

Nb 6024 
Zr 3340 

Il 1 Middle of lonsitudina1 streak 

Nb 5691 
Zr 2819 

32 
67 

86 
118 

grain 

39' 
67 

75 
73 

82 
84 

106 
14 

73 
65 

~ 

16.2 
83.1 

17.4 
89.5 

18.8 
lOS 

17.3 
89.5 

19.8 
110.4 

1 

19.5 ' 
107.2 

18.2 
90.3 \ 

" 

••••• (cont'd.) 
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o APPENDIX 5 (con 'd.) \ 

Element Count 

,*1 Edge of streak 

Nb 5593 
Zr '2772 

H Further from streak 

Nb 5307 
Zr 2550 

ft! Still further from streak 

Nb 5522 
Zr 2666 

Il Furthest from streak 

Nb 5376 
Zr 2601 

IlOna Eartic1e-like feature 

Nb 
Zr 

, *3 Grain boundary 

Nb 
Zr 

5551 
2676 

,5021 
2355 

*3 Next to grain boundary 

1 

Nb 
Zr 

*3 Middle of grain 

Nb 
Zr 

'3 Middle of Brain 

Nb 
Zr l' 

5116 
2317 

Sl05 
'2475 

5831 
294f 

'. 

, ' 

Standard 
Deviation 

2S 
44 

77 
65 

92 
54 

107 
91 

-, 

72 
, 45 .' 

168 
76 

125 
66 

134 
117 

,~ )1 

Niobium . 
Content 

~Atomic Percent2 

17.R 
88.8 

16.6 
' 81.6 

17.5 
85.4 

16.9 
83.3 

17.6 
85.7 

15.4 
75.3 

15.8 
74.1 

16.6 
79.2 

1~.7 
94.4 

l' 

321. 
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APPENDIX 5 (cont'd.) 

Element 

'# 3 Grain boundary 

Nb 
Zr -

Count 

4968 
2l9~ 

1 lI! lA 141_ b LI A.aa 

Standard 
Deviation 

553 
414 

Niobium 
Content 

(Atomic Percent) 

15.2 
70.3 

322. 

Note here that both the Nb and Zr readings decrease together J suggesting 
either an unclean surface or an inclusion is ivvolved. 

#1 Grain boundary particle-like feature 

Nb 
Zr 

6050 
3213 

#1 Longitudinal streak 

Nb 
Zr 
. 

Nb standard 

/ 
Nb 
Zr 

Zr standard 

Nb 
Zr 

1#4 Dark area 

Nb 
Zr 

5870 
2907 

26614 
20 

1296 
2638 

4069 
1~02 

98 
62 

132 
58 

618 
2 

51 
59 

190 
65 

19.6 
103 

18.9 
9~.? 

10.9 
S6~7 

h h h 
il.. Bot t e Nb and Zr values ' are low, suggesting t at segregat1~n 1S not 

involved. 

lt4 White area 

Nb 
Zr 

_*4 Dark patch 

Nb 
Zr 

4858 
1953 

5493 
2469 

93 
36 

137 
-73 

'" 14.1 
73.8 

16.~ 
93.5 


