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ABSTRACT 

. ,. 

(i) ( 

I~~~ 

Four ultra low carbon bainitic steels were tested under interrupted and ' 

continuous loading conditions. These materials were made from a base steel" • 
containing 0.026% C, to which were added one or both of 0.055% Nb and/or 30 

ppm of B. In this way, the influence on the rapidity of recrystallization of 
l 

additions of: (i) Nb; (ii) B; and (iii) Nb + B was assessed independently. 
li. 

(" The' static recrystallization~ kine~ics of the hot worked ~ustenite were 

detennined for prestrains of 0.12, 0.25 and'0.50 in the tempe rature range 900 to 

1l00°C. The static redults ar'e pr~seIfted in the form o""percentage sof~ening vs. 

log time plots: These results, together. with static RIT diagrams, indicate that. 

the addition ofB is I1lost effective in retarding recrystallization in the presence 

of Nb. Furthermore, the degree 'of retardation is ..influenced by both the _ 

prestrain and temperature. The kinetics of recovery and recrystallization are 

characterized in terms of the Avra;p1i equation; the influence of pr~sti'ain. 

temperature and alloy cOIllPosition on the 'coefficients and exponents i? 

described . 

The kinetics of dynamic recrystallization were evaluated in the 

tempe rature interval from 1000 to 1100°C and at strain rates from 10·f ta 

0.5 s-l. The peak strain €p was taken as a measure of the onset of dynamic 

recrystallization, and the recrystallizàtion strain €x of the duration of dynamic 
~ 

recrystallization. These two quantities, divided by the testing strain rate è, 
provided the nucleation and recrystallization times,~ respectively. The dynamic 

RTT (DRTr) curves produced in this way are consistent with the static one~. 

Carbon extraction repli.cas and autoradiographie photographs were 

prepared. Thése indica~e that boron acts as a solute and segregates to the 

moving grain bouildaries. A physical model base~ 01)' the strain induced 

segregation of boron is proposed. It relies on the ratio of grain boundary ta 

matrix difTusivity of the Nb present to explain the synergistic action between 

Nb and B. Finally, ~he solute drag theory is employed ta shQw that the ordèr of 

effectiveness of microalloying elements is that of their interaction energies Eo. 
Ttle elements with the highest interaction energies also have the highest 
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(ii) 

diffusivities in ,steel:=;. As a result, elements with high 'diffusivities can be 
expected to exert the highest drag forces. 
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(iii) 

RESUME 

Quatre "aciers à très bas taux de c9-rbone et de structure bainitique ont 

été soumis à deux types de tests: interrompus et continus. La composition. de 
\ 

base de ces aciers consistait en 0.026% C, auq~èl--a.nt été ajoutés l'un ou l'autre -- ----- , ' 
ou les deux éléments Nb (0.055%) et B (30 ppm). De cetteraçon, l'influence des ,,-
différents éléments d'addition: (i1 Nb); (ii) B; (iii) Nb + B sur la vitesse de 

". (j • 

recristallisation a pu être estimée à tour de rôle. 

Les cinétiques de recI:Îstallisation statique correspondant à l'austénite 

écrouie à chaud ont'été déterminées pour des prédéformations de 0.12,0.25 et 

0.50 et pour des températures variant de 900 à 1100°C. Ces résultats sont 

prése~tés sous la forme du pourcentage d1adoucisseinent en fonction du 

logarithme du temps. Ils indiquent, lorsqu'utilisés avec les courbes RIT, que 

l'addition de B est 'plus efficace en présence de, Nb ~our retarde r la 

,recristallisation. De plus, les deux paramètres p~édéformation et température

influent sur cat effet retardateur. L'équation d'Ayrami est utilisée pour 

caractériser les cinétiques de restauration et de recristallisation; l'influence de 

la prédéformation, de la tempéretture et de la composition de l'alliage sur les 

coefficients èt exposants de 'cette équation est également étudiée. 

Les cinétiques de recristallisation dynamique ont été évaluées, pour des 

températures variant d'e 1000 à 1100°C et pour des vitesses de déformation 

allant de 10-3 à 0.5 s -1. La défor:çp.ation Ep correspondant au pic ainsi que la 

\, /!1 'déformation ex correspondant à la recristallisation ont été utilisées 

respectivement comme mesures du début et de la durée de la recristallisation 

dynamique. Lorsqu'elles sont normalisées par la vitesse de déformation ë du 

test, ces deux quantités conduisent respectivement àux temps de nucléation et 
l 

de recristallisation. Les courbes dynamiques RTI' (DIT) estimées de cette 

manière sont en accord ~vec les courbes statiques correspondantes. 

Les répliques de carbonè' ainsi que les photos autoradiographiques 

indiquent que le bore agit comme uI\soluté et que sa ségrégation se produit aux 

jointS de grains qui nugrent. Un modèle physique fondé sur la ségrégation du . 
bore induite par la Àéformation est proposé. Il fait appel au rapport de 
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(iv) 

i 
difTusivité joint de grain/matrice du niobium .présent pour expliquer l'action 0 

synergétique entre .Nb et B. ,Finalement la théorie du '·trainage de soluté" est 

~ utilisée pour montrer qu~ l'o;dre d'efficacité ~léments de microaddition est le 

même que celui de leurs énergie d'in~raction Eo. Les éléments possédant les 
~plus fortes énergies d'interaction ont aussi les plus fortes diffusivités dans les 

aciers. Il est donc conclu que les éléments à diffusivité éleVée produisent les . . 
forces de trainage les plus irnportantes~ 
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CHAPTERI 

INTRODUCTION 

--..• 

Thè appearaIrCê of low-carbon bainitic steels on a commerciai scale was 

almost simultaneous with that of the ferrite-,pearlîte HSLA grades. The former 

'steels offered a strength advan tage bu t were inferior in toughness to those. wi th 

ferrite-pea~lite microstructures. The rather recent realization tha~ reducing 

the carbon level to yery low concentrations improves the impact properties of 

J thes~ steels renewed the early interest and led the way to t~e development of 

the ullra-Iow-carbon-bainitic ~ades (ULCB). f:. very important microalloying 

element in these steels, especially from th~ harderra15tlity point of view, IS 

boron. !ts effect is particularly strong in th~ presence of niobium.:> 
, , 

For further improvement in the inherently low toughness ofthese steels, 

it is iinp6rtant to refine the austenÙe grain size prior to the bainite 

transformation. This is because the effective grain size for the clef\.vage 

,racture of bainitlc steels has a strong dependence on the austenite grain size, 

in a manner similar to that of the ferrite-pearlite steels. The above goal can be 
- . 

achieved through the introduction of controlled rolling. However, the design of 

proper rolling schedules is not an easy task. It requires knowledge of a n umber 

of important metallurgical chara,deristics of the material wi~h respect ta 

temperature, deformation and time. These have, to a great extent, been 

predetermined through the choice of the chemical composition. Consequently, 

,clarification of the rotes played by the different microalloying elements lS of 

prime importance in understanding the physical metallurgy ofthese alloys. 

The aim of the .present investigation was therefore to assess the 

recrystallization behaviour of a series of hot worked austenltes containing 

baron. In particular, ,he main objectives were the following: 

(i) To ·determine whether the presence ofboron, aione or in 

conjunction with Nb, influences the rapidity of the 

softening processes. 
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- (H) To follow its possible influence, under both static and 

dynamic testing conditions, for a 'variety of prestrains and 

holding tèmpératures over ranges ofindustrial interest. 

(iii) To establish the Hstate" of the boron (i.e. whether i t is in the 

fonn ofsolute, cluster or precipitate) when it is effective. ,--

(iv) In the case of the synergistic interaction with Nb, to provide , 
.. possible physical explanations fo~ such behaviour. 

\ 
\ 

(v) . To understand, on a physical ba~~s, the reasons for the , ..-

variations in the effectiveness'ofthe\d~microalloying 
elements in retarding the recrystallization process. 

'-- -; .. -
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'CHAPTER2 

LITERA TURE REVIEW 

r .' 
2.1 • METALLURGICAL ASPECTS OF BORON,STEELS 

Boron wa~ first considered as a poteiltial alloying elerrient in stee' ln 

1907 (1),. From then on, through the early 1920's, various investigators stu4ied 

steels containing what would now be regarded as extremely high 

concentrations of the element. Not until· 1921 was it recognized that large 

amounts of boron, up to 2% in sorne cases, were responsible for making steels 

extremely hard and brittle and that even an amount as minute as 10 parts per 

million ofboron was sufficient to produce signUicant efTects on steel properties 

(2, 3). These early studies were charact'rized by a lack of understanding of 

hardenability, while the commercial production of boron steels ~uffered from 
o e "i" 

the inability to con trol the steelmaking process to the extent needed to 

maintain small amounts of effective boron in solution. 

The 1930's and, early 1940's broug(it an appreciation of the conc;P~ of 

hardenability and the ,way it is affected by alloying elements,"including bor~~ 

(4,5). It was then rea.lized that boron is byJar the most potent hardenabili~ 

intensifier, a use which remains its predominant function in carbo'n and alloy 

steels ta this day (6, '7). The development of the Jominy hardenability test 

during this srune perio~ brought with it a convenient way of m~asuring the 

efTectiveness of the boron contained in the steel (8). Th~s '~"lS ~xtremely 

significant because it replaced the need for chemical anal)Csis in the parts per 
, . 

million r~nge with a simple procedure providing meaningful quantitative 

infonnation. \ /J 

The in!tiation ôfWorld War II caused -a severe shortage ofmany criticai 
, . 

alloying elements, in.sIudjng nickel and chromium, and since it w:as already 

known that boron could replace many' or these alloying elements, th'e 

comme.r;cial de~elôpment of b0Ion 'steels was.,()n its way, even though ma~y of "

the oid problems associated with the use Br boron remained ta be satisfactoriiy 

solved. It was known tha't boron had ~o be protected from reaction wi th oxygen 

m 
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'and nitrogen in order 'to insure 'its har~~nab;lity 'capability, ~ut steelmaki~~
technology was not al ways up to the task ofdoing that As a result, boron steels 

gained an unfav~rable reputation for erradc behaviour, a stigmà which was ta 
, , 

persist for several decades. Unable to guarantee a consistent product. 

s.teelmakers thereJore returned .to the more ?ostly but easier to pro~uce alloy 

steels as soon as the war ended. There was a renewal of interest in boron steels 

during the Korean war and during p~riods w'he~, for examp.le, nickel or 

molybden um was in short supply for various reasons, bu t i~ appeared as though 

theyonly gained favor when times were hard, only to lose their popularity once 

otherelements were cheap and readily available. 

Today the si~uation has changed in many aspects. From the 

technological Jloint of view, there is now a far better understanding of the way 

boron, produces its beneficial effects. The/ advent of sophisticated analytical 

instruments and microPTocessor based controis has greatly increased the 

steelmaker's ability to produce consi~tent, high quality pioducts on a routine 

'basis. From the point of view of availability, we now face an era when assured, 

long term supplies oflow co~t raw nluterials can no longer be taken for granted. 

Also; cOI11petition from plastics and non-ft:rrous metals has created a need for 

steels that provide maximum strength to weight ratios at the lowest possible 

cost. Finally, there is now per~anent concern for energy conservation and both 

steelmakers and their customers must constantly strive 'to reduce the energy 
, ' 1 ..... 

consumed in melting, heat treating and deformation. As will be discussed iri. 
latersections, boro'n steeh!,are weIl known for their ability to conserve energy, 

, bath in the furnace and in the work required for hot and co Id deformation. 
ÎI 

N ow th'at definitely reproducible properties can be obtained regularly 

with boron steels, it seems that these materials have finally come into their 
1 

'own. 

'2.1.1 BOR0N STEELMAKING PRACTICE AND PROTECTION 

, , 

It has long been recognized that the' hardenabili ty of boron steels does 

nat increase continupusly with boron level, but that there exists an optimum 

boron content range. Most authors (9,-12)' te~d to locate this optimum r~nge 
between 10 an~ 30 ppm of'soluble' boron, as illustrated in Fig. 2.1. This range 

'\ 
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is, however, sometimes located at very low concentrations (13-15), and the most 
1 

important explanation for such a discrepancy pertains to differences in 

chemical analysis practices and the resulting errors at low boron concentations. 

Soluble or effective boron is the amount of boron available for (i) segregation at 

grain boundaries and (ii) precipitation as Fe23(B,C)6. As boron is a very 

reactive element, it reactsl.with oxygen fonning B203 and nitrogen to fonn BN; 

this f~ction of the concentration is called the insoluble o~ ineffective boron. 

The primary problem in producing steels with optimum hardenability has 
• therefore been the control.required to assure the optimum effective <soluble) 

boron content of the final product. Loss of effective boron by the formation of 

B203 is prevented by rnaking the boron addition after ail the deoxidizers have 

been introduced, Le., after manganese, silicon and aluminum have been added. 

and by using good Iadle and/or m~ld practices to avoid reoxidation while 

pouring the steel. (Boron addition begins after the ladle is 1/3 full and is 

generally comp'~eted befote i t is 2/3 full (1). Loss oLen:ective boron by the 

formation of BN is prevented by coinbining the available nitrogen with strong 

"nitride formers su ch as Ti or- Zr, as can lie se en in Fig. 2.2 (12). A study by 

Kapadia P.t al. (2) showed that the effective boron con tent could be calculated 

from the tOtal boron added, the N conc'entration, and the amounts cf the nitride 

formingelements. The effective bororl is given in this wayby Eq. 2.1 as: 

B = lB - {eN - 0 002) _ TL _ zr} 1 
(efftctlUe baron! ' Toi .5 15 i! f) 2! () 

(2.1) 

~ . 
The value of 0.002 is'taken to be the part of the ,nitrogen cO,ntent th~t is'always 

bound to the aluminurn and silicon. 

Provided thht sufficien t titaniurn is added to bind the amount of mtrogen .... . . 

remaining, Beff = BTot. To calculate the amount of titanium required. 

equation (2.1) may be writte.n as: 

Ti = 5(N - 0 002) (2.2) 

" (Here ft is ass~med that the arnount of zirconi um is equal to zero). 
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Figure 2.2' Statistically predictéd effec"t of baron on hardenability for 

various levels oftitaniurrt and nitrogen (12) . 
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.2.1.2 MECHANISMS OF BORON HARDENABILITY 

Because typical boron levels in steels are of the order of 10 ppm by 

weight, boron does not influence the thermodynamic properties of the bulk 

austenite or ferrite phases (16). However, since ferrite generally nucleates on 

austenite grain boundaries, and it has been slJ.own that boron influences the 
1; ., 

nucleation rate of ferrite (17) (but not the growth rate), most of the interest in 

boron deals with its effect on the y ta a transformation. There are two rensons 
, . 

why such "small concentrations" of boron can cause significant retardntion of 

the y to a phase change: the first ~s Ulat 10 ppm by weight of soluble boron is 

actually equivalent to 52 ppm atomic, because of the low atomic weight of 

boron. The second is that for grain sizes greater than 30 pm and for the boron 

concentration of 10 ppm selected above, there is more than one boron atom in 

the system. for eve-ry iron atom in the grain boundary and on the order of 4 

billion boron atoms present for every ferrite nucleus (18). A number of 

mechanisms whi,ch explain how boron can retard ferrite nucleation will now be 

considered. 

2.1.2.1 Reduction i~ Grain Boundary Energy of the Austenite 

. , 

It has been observed that the segregation o(boron to grain boundaries 

reduces their energy (19) and therefore makes them less favorable' sites for 

ferri~e n ucleation (Fig. 2.3). The major objection to this proposai is the 

estimation by Sharma and Purdy (20) which shows that the reduction in energy 

is of the order of 1 % at most and conseq uen tly is probably too small to ha ve any 

significant effect. However, it,has been proposed by Morral and Cameron (21) 

that, depending on the shape of the nucleus, even a 1% reduction in interfacial 

energy can reduce the nucleation rate by a factor of 10 50 that the reduction in 

austenite grain boundary energy can still be considered'a possible mechanism . . . 

l' 
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2.1.2.2 Reduction in Fe Self-Diffusivity 

The segregation of boron at the grain boundaries of the austenite can 

cause reduction of the iron grain boundary self-diffusivity (19, 22) and possibly 

a reduction in the carbonjump frequency in this region by blocking interstitial 

sites or by inereasing the grain boundary modulus. These mechanisms have 

been confirmed experimentally. The reduetion in the iron grain boundary 

difTusivity could explain why boron retards the nucleation kinetics of ferrite in 

a carbon free aIloy. In carbon conta~ning, alloys, i.e. in' steels, carbon jump 

frequency is rate controlling and a reduction in the latter could -explain the 

retardation of ferrite nucleGltion. This can aiso make sense of the observation 

that boron loses its hardenability potential at carbon concentrations greater 

th an 0.8% by weight, as will be seen Iater. 

2.1.2.3 Reduction in the Number ofNucleationSites 

Studies of the' nature of grain boundari~s suggest tha t they cannot be 

treated as featureless surfaces and that not every grain boundary' site can be 

oconsidered proper for the nucleation of ferrite. However, there are regions of 

relatively high and low atom density (23). If regions of low density are more 

" favored sites for ferrite nucleation, it is possible that boron can poison them by 

diffusing there or by precipitating on them as borocarbides (17,20, 24), forcin'g 

ferrite te nucleate elsewhere at a reduced rate. 

\ 0 

2.1.2.4 Nucleation on Boroearbides 

The presence of boron clearly increases the incuba tion tizpe for the 

formation of ferrite and lowers substÇlntially the nucleation rate after the onset 

offerrite formation (10). Sinee the nucleation of ferri te occurs mainly on grain, 

boundaries (25), partieular attention mu'~t be devoted te the possible role of the 

grai~ bOU~~ M23(B',C)6 borocarbi~es. ~hese pr~cipi~~tes,. forrned d~ring 
coohng, have à~ parallel cubelleube orlentatlon relatlOnshlp wlth the parent y 

grai,n on one side of the boundary (17, 26). The inlerface between the 

precipitate and the parent grain is therefore of substantially reduced energy 
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when compared to the energy of the unmodified grain boundary; as a resul t i t is 

expected that the nucleatiôn of ferrite should be innibited on that side of the 

grain boundary (17, 20) .. Figure 2.4 (27) shows a 'Schema tic diagram for the 

nucleat~on and growth of primary ferrite at the Fe23(B;C)s!aùsteni te interface. 

Bec~use, Fe23Œ,C)6 is "in a . parallel orientation relationship with 

austenit~ grain YI (Fig. 2.4 (a», primary ferrite will nucleate at the 

Fe23(B,C)6/austeni te Y2 interface, which has no specifie orien ta tion 
o 1 • 

relationship (Fig. 2.4 (b». The primary fer.rite will then grow into austenite 

grain, YI (Fig. 2.4 (c» and eventually-enclose the Fe23(B,C)6 particle, 

completely (Fig. 2.4 (d)), resulting in an asymmetrical shape. Therefore, if the t 
precfpitates are small enough so that they do not provide significant areas of 

incoherent boundaries, the net result is an inhibition of the ferrite nucleation 

rate with respect to larger precipita tes, which have already become incùherent. 

No matter which of the above proposed hardenability increase . , , 

mechanisms is operating, the net result of adding boron to a steel will be a shift 

of the ferrite "C" curve to longer times, as can be seen from Fig. 2.5 (28). 

Thè modification of the TIl diagram in the presence of boron is clearly 

,affected by the specifie composition. A brier discussion of compositional efTects 

1S appropriate at this stage. 

2.1.3 COMPOSITIONAL EFFECTS 

2.1.3.1 Carbon Content 

Even when the 'optimum amount of effective boron is present in a steel, 

the boron hardenability effect can vary apprecîably, with the chemical 

composition of. the steel, particularly its carbon content. In one of the early 

studies on boron steels, Rather a,nd Atmstro~g (29) investigated the boron 

effect in a wide variety of commercially produced' plain carbon' and low alloy 

> steels with catbon concentrations ranging from about 0.1 to 1.0 percent. From 

an analysis of their own and earlier data inr.he literature, they calculated that 

the baron hardena~ility factor (Fp) in such steels decreases with increasing 

carbon. content according to the following relationship: 

m ... 
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F~ = 1 + 1.5 (0.9 - % C) (2.3) 

Thé boron factor is defined as the ratio of the ideal diameter measured from 

Jominy test,data over the ideal diametet calculated on the basis of chemical 

composition (excluding boron) and grain size. Finally, ideal diameter is simply 

the diameter, in inches, of an infinitely lon'g cylindrical bar which wj!î' 

transform ta 50% martensite at its center under the action of an Ideal quench. 

According to relatîonship (2.3), 'boron is very effective in increal>ing the î 
harde\nability of low carbon s~eels, but 'ls completely ineffective in 'ste~l/s V 
containing more than 0.9% of carbon. The negative interaction between the 

boro~ effect ~nd carbon content in hypoeutectoid steels can be explained on t~e 

basis Jhat carbon, like boron, retards the proeutectoid ferri ~e reaction. This is 

because, when ferrite ,and pearlite are' being produced from austenite, the 

carbon must partition ,into the pearli te, Le. away from the ferrite, a' diffusion-
- " 

contr'olled process which is time consuming. Therefore, by increasing the 

carbon content up ta the eu tectoid level of àpproximately 0:8% (at which no 

ferrité is formed), the relative imp9rtance of the transformation 51f austenite to 

ferrite is decreased progressively. Hayes (30) has' reported, results' similar to . ' , 

those of Rather and Armstrong, but with a slightly stee~r linear relationship 

ba~ed on hardenabili ty eval uatiçms .of commercial heats of low carbon alloy 

steels. 

The degree ofscatter in thè baran hardenability factor associated with a 

parÙcular carbon concentration indicates that the boron hardenabili ty effect in 

steels of varying composition cahnot be explâined by a simple éorrelation with 

the carbon level. The strength of'the boron en-ect appears ta be dependent on 

the overall austenite transformation characteristics of the bàse steel rather - . 
tlian on any 'specifie compositional variable. Consi,der~tion of the total alloy 

'content is therefore j~st a~ significant as the carbon content for predicting the 

magtÏi tu de of this phenomenon.' " 
. ~ \ .. 
l' • . , 
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. 
2.1-3.2 Alloying Elements 

The presence ofmolybdenum strongly enhances the boron effect (31). A 

synergistic influence on both the nucleation and growth of ferrite has been 

observed. Micro~lloying elements now widely used in HSLA steels)li'é 

particularly int:resting wh en used in conjunction with boron. HWever, 

vanadium does not appear to exert any specific effect in the presence of boron, ,. 

beyond its weIl known contribution to precipitation hardening. By contrast, 

niobium exhibits a definite synergistic effect with boron when in solution (10). 

Finally, it has b;en .reported (32) t~at the presence of copper in conjunction 

with boron brings abOut a significant reduction in the transformation 

temperature. The lowering of ~ Ar3 is nearly Il goC under furnace cooling 

co~di tions; even \vi th a very fast cooling rate, the difference is stilÏ 42°C. 

,2.1.4 BORON SEGREGATION 

It has been shown previously that boron, whether- present as a trace 

impurity or as an allo~ing element in low concentrations, segregat~ to the" r grain boundaries (14, 17, 33-46). Such boron segregation demonstrates two 

remarkable, features. First, the degree of segregatiorris enhanced on cooling 

from higher initial te~peratures. T~is rules out a simple explanation based on 

binding of the impurity atom ta the grain boundary since, if there is' a binding 
, 

energy to the boundary Es, the degree of equilibrium segregation shouid vary 

.as exp(- Es/KT), Ieading to' a trend ,with tempe rature opposite to the one 

'observed. Second, the segregation only occurs during a relativelyslow cool and 

not if the specimen is rapidly quenched. Thus the segregation is a dynamic 

phehomenon affected by the kinetics of the various processes on an atomic 

seaie. The above two pecularities classify boron segregation as being part of 

~hat is called non-equilibri um segreg~tion. 

The theory ofnon-e~ui1ib;ium segregation fainrst diseussed by Aus't et 

. al. (47, 48) and' Anthony (49) and more recently by Williams et al. (39) and 

Harries and Marwick (50). Qualitatively, the explanation proposed postulates , 
the existence of mobile vacan~-impurity complexes. Segregation is then a 

consequence of the movement towards oye raIl equilibrium of three species ,If" 

'" 
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(vacancies, isolated impurities and complexes) during cooling and the fact that 

vacancies can be annihilated at free surfaces and grain boundaries. 

It is possible' to estimate the concentrations of the impurity atoms [1], 

isolated vacancies [V] and comple~es [Cl at the initial solution treatment 

temperature (39). The total impurÜy concentration is [I] + [Cl if there is one 

impurity atom per complex. The vacancy concentration is: 

, -E F 
[VI = Kv exp(-) 

KT 

where EF is the vacancy formation en~rgy. 

The concentration of the complexes is given by: 

\. 

(2.4) 

(2.5) 

where' EB is the blnding energy. Here Kv and KC are constants and contain 

various geometric and entropy terms. 

After holding at' the sol~tion treatme~t temperature for sorne time, the 

concentrations of aIl three species are lJniform ([1] + [V] - [C». During 

cooling, vacancie.::; are lost __ at the grain boundaries in order ta maintain an 

,rquilibrium concentrati~n app'ropriate to the lower temperature. The 

reduction in [V] causes a reduction in [Cl near the boundaries, where complexes 

lose their vacancies to become isolated impurities. Meanwhile [Cl increases 

ne~ the centre of the grail1. ~Vacancies cannot be annihilated but can move ta . ~ 

impurities to maintain equilibrium at the lower temperature according ta Eq. 

;2.5. Diffusion atternpts to even out ,these inhorno.geneous concentrations. 

When quenching is very rapid, the complexes have insufficient time to diffuse 

" ta the boundary. At intermediate quenching rates, the complexes deposit boron 

at the boundary but the now isolated boron has insufficient time te diffuse back 

inta the matrix, 50 that grain boundary segI'egation is produced. Finally, at 
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very slow quenching rates, the boron deposited at'the boundary has sufficient 

time to diffus~ back into the matrix and the segregation is elimin'ated. 

2.1.5 MECHANICAL PROPERTlES AND USES OF BORON STEELS 

~ 

Boron steels are primarily used in the heat treated state. A certain 

confusion appears in the literature, however, as to possible detrimental effects 

of boron on various properties of steels in the tempered state. A brief review of 

the properties and uses ofboron is therefore appropr:iate. 

2.1.5.1 Tempering Response, F,ormability 

When alloying elements such as niobium, vanadium, c'hromium and 
1 

molybdenum are added to "a carbon steel, they not only împrove the 

hardenability b~t produce additional strength in the as tempered condition by 

means of precipitation strengthening. When boron is used as a substitute for 

,these elements, their precipitation hardening effect will be absent. Boron dbes" 

not produce a secondary hardening effect on i ts own, 50 carbon-boron ste,eIs !Vjll 

bè inherently softer in the tempered condition than the alloy steels they' .' , . 
replace, as long as the carbon content remains constant. Bùron steels are 

therefore more sensitive to the tempering conditions ~nd tighter control over 

these may be needed. However, if compared on the basis of hardenability, 

boron steels will generally contain less carbon und manganése (and, of course, 

-uther alloying elements) than the steels they ~eplace.- As a result, bor~n;L~ 
of equivalent hardenability will be considerably softer in the unhard{ned, as 

received condition than their higher carbon or alloy counterparts. this can 

lead to significantenergy and production savings b~cause: 

(i) annealing times prior to cold formillg can frequentlyFcut 
in half compared to those needed for conventiona alloy 

steels (51); ~ , 

,,. . 

. .. 
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(ii) baron steels do not require annealing after hot forging and 

• 

o before cold trimming and yet trim die life rémains adequate 

o' (1). In addition, it has been observed that boron steels have 

a less adherent scale than conventional alloy steels, so that 

die lire is improved . 

2.1.5.2' Considerations RegardingTempe~ Embrittlement 

18. 

- -
It has been stated that the use of boron increas'es the potentia! of the 

"'-. , ~ . 
sfe~l f~r temper embrittlement, which> Îs a ,loss in the as-tempered ductility 

after tempering in a specifie range (depending on the composition). or slow 

cobling-through it (7). Closer examination shows, however, that this is only so 

in certain cases, and exactly th'e 0pposite ffiay be true' in others. It is known 

that individual alloying elements eit,her enhance or rètard,'the development of 

temper embrittlement. Among the Common alloying elemepts, molybdenum is 

generally added to prevent or diminish this phenomenon; whèreas manganese 

and chromium make the steel more susceptible to it. When boron is added in 

order:;zre ~ce molybdenum fo:: hardenability purpo~es, the protective acÙon 

of m enum will be lost. However, if boron is used to substitute Jor 
o 0 

chromium (which is usually the case), the temper embrittling tendency of th,e 

steel remains the same or improves somewhat ~7). Boron added to steel not 

susceptible w,embrittlement will have no e~ect. If a steel is alre~dy susceptible 

without boron and there is no change,~omposition other than the addition of 

boron, there will be an increase in susceptrbility (7,52). ' 

2.1.5.3 - 'Hot WorkabiUty 
. \ 

Boron stéels are easier to hot.form than t~eïr ,low alloy counterparts for 

the reason that~ost alloying elements strengthen the austenite àt,hot working 

temperature's, wherea.s boron only has a m~nimal effect. Thus if the former are 

replaced by the proper amount of boron, the hot workability will'improve (7). 

This has two important energy saving implications in that; (a) less work is . \ ... ' 

\ required for deformation' at·oa givé'n température; and (b) for th~ same amountof 
o • 

deformation energy, a lower work~ng temperature may be used. 0 There. are 
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-' 
certain precautions to be -takén in the use ofoorool h~wever. Plain carbon ~nd 
carbdn-manganese-borop. ste,els- have a tendency toward hot ~hortness, so the 

steelmaker must guard against o:verheating '(53). T4e phenomenon is 

associated with the fonnation of a low melting point eutectic between an 

intermetallk'of the fonn ,M2B, austenite and possibJ:y ce~entite (7).' This 

tende-ncy can be avoided by maintaining thè boron concentration within the, 
" ... 1 1 

optimum range and by guarding~against high teniperatures and excessively 

lohg soaking times. 

2.1.5.4 Creep Resistance 
.. 

The beneficial effect of borpn on the cre'ep properties of austenitic 

stainless steels has long been récognized (54). Additions of 0.002 - 0.005% B 

improve creep resistance and high ternperature ductility in these steels, as weIl 

as in sorne superalloys. Adding 50 ppm of boron to types 316, 321, and 347 

stainless steel incre~ses the m~an stress rupt_ure life by a factor o~ three or 

increases the stress to failur-e.--~ 10000 hours by up to 2,5% (55). In ferritic, 

, steels, such as the héat resisting Cr-Mo grades; ~oron is claimed to haye ,a 

detrimental effect on rupture ductility (56), but benefits have been reported in 

cases where bo,ron is used in combination with titaniurn, molybdenum or 

~iobtum'(57). 

, . 

2.1.5.5 Bo~on in HSLA Steels 

Boron drastically increases the bainite hardenability thr()Ugh jtS strong 
, ' 

inhibiting effect oh ,the ferrite reaëtion, as described -above: This can be used in 
... , J - • 

sorne cases to r:each hig~er strengtn levels in .steels. which w~uld norrnally 

exhibit a ferr~te-pearU.te s~ructure a.fter air cooling. Howev~r, the tO';1'ghness of 

bairtite is intrinsically low. - In' order to improve the fracture resistance of 
, 1 • 

bainitic stéels, it is indispensable to minimize the austen~te grain size prior to 

the bainite trans(ormation. This is because the effective grain size for cleavage 

fr~ct~re of the bainitiè steels has a strong dependence OB the prio~ austenite 
, > 

grain size (28). These bainitic steels, which usually have v~ry l'ow- ,carbon 

contents (less than 0'.05% C) an,d consequently very good toughnes$ and 
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'weldability, need to be controlled rolled, a process which offers significlln t 

processing economies in comparison with the alternativ_e _ of quenching and 

tempering. 

2.2 CONTROLLED ROLLING OF HSLA STEELS 

In its most general sense, controlled rolling (or thermomechunical 

treatment) -refers to a,ny combination of deformation and temperature control 

during the' processing of mate.riafs which enables the required product 

properties to be attained witho~t any further heat treatment. The aim of 

éonventional controlled r~lling is the production qfsteels with a combination of 

high strength and tou19'llless. This can best be achieveçl with a refine~ and 

~omogeneous austenite structure which leads'to a fine ànq homogeneous ferrite 

structure in the final product. 

In steels, controlled rolling is' often considered to have three (58) or four 

stages (5!;). These are: reheating (or soaking), roughing, fi'nishing and. if the 

product is sufficiently thin, coiling. ,The basic metallurgical principles of the 

first three stages are illustrated in Fig. 2.6. The influence of ac;celerated 
, . 

èooling after reheating is a1so described below . 

2.2.1 REHEATING AND SOAKING 

This stage consists of repeating the material at a tèmperature 

conventionally between 1200 and 1300°C (60, 61). :In arder to ~ave energy, 

lower temperatures are being increasingly used. During soaking, it is desirable 

to brîng aIl the microalloy carbonitrides into solid solution (with'the exception 

of TiN). The selection of the soaking temperature and time is ve'ry important as 

it is r:elated 'ta both economic and metallurgical aspects of the process. Low 

soaking temperatures produce relatively smaU initial austenite grains and 

• 1 consequently s~aller reductions are required for recrysta~lization. 'Soaking 

tempe ratures lower than' the carbonitride solution temperature can also be 

'used. HO,we,ver, the undissolved precipitates lead to 10ss in efficiency ofboth the 

" 
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Figure 2.6 Schematic illustration of the controlled rolling process and the 
resulting microstructures. 

~ '" 

-

t.:) .... 



" 

" 

, . 

22. 

solute retardatio~ ofrecrystalUzation in the subsequent stages of the process as 
weIl as i~ e-ffectlveness of precipitation strengthening. 

2.2.2 CHANGES IN AUSTENITE STRUCTURE DURING HOT ROLLING 

ItJ~as been mentioned earlier that the sta~e of austenite prior to ferrite 

formation is very important because it determines the size and rnorphology of 

the grains in the final product. These, in turn, are rnamly responsible for the 
..... 

,..... 

mechanical properties of the rna~erial. In Fig. 2.7, the three "states" of the 

austenite are Hlustrated: .., 

(i) The range ot high ternperatures of deforrnation . 

(ii) 

.....Recrystalliza tion in this region is very rapid (wi thin 

rnilliseconq.s or secol).ds) and is foll&wed by sorne grain 

growth, leading to sorne refinement of the austenite grains. 

In indus.try,_this refiion correspond~ ta roughing and rolling 

forwidth. 

The intermediate tempe rature range. Provided the strain 

and strain rate of deformation ar,e praperly chosen, 

cômplete static recrystaHization takes place and small 

'austenite grains are observed (case c). If the conditions are 

not ~ell ch~sen, then a sluggish and incomplete 

recrystallization takes place (case a). Alternatively, statie 

recrystallization can be followed by localized grain growth 

(case b), leading to mixed grain structures. Roughing is 
" 

carried out {n this region as weIl, and only structures of the . . 
(c) type are desirahle in rolling p~actice. 

(iii) The low temperature region (which is nevertheless above 

the austenite to ferrite transformation temperature Aq), or 

no recrystallizatioI?- region. Here the austenite grains are 

flattened and strain hardened. 'The grain volume rernains 

constant but the grain'surface to grain volume ratio Sv 

increases. This resuJts in an increase in the number of 
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potential nucleatio~ sites for the y - a transformation 

leading to flner final microstructures (58). Other important 

nucleation sites are the deformation bands inside the 

defonned austenite grains (6~). ~eformation bands are 

very often foimed in this range of ,tempe ratures during hot 

rolling. Sellars et al. (63) have also reported that 

deformation bands are introduced into the grains and 

become,nucleation sites for recrystallization in nickel when 
, , 

tested in torsion abov'e this temperature range. 'However, 

the dens,ity oft~e def0rI?ation bands depends mainly on the 

rolling reduction (above 30%) and is hardly affected by 

rolling temperature and initial grain size (64). One of the 

problerns associated with th~ presence of deformation bands 

is tnat the frequency of their appearance is rather randorn 

and this can lead to rnixed structures. 

24. 

Finally, finish rolling is sometirnes extended into the region below, the 

Ar3 temperature. This is done so as to increase the' strength and toughness. 

The improvement in strength is consid~red to be ,mainl~ due to: 1) fur~her 

refinement by austenite pancaking; 2) dislocation and substructure.hardening; 

3) enhancem~nt of precipitation hardening. Toughness, ho}Vever, correlates 

with: a) the grain size of the ferrite or bainite, b) the degree of recovery of the 

deformed ferrite; c) the volume fraction of deformed ferrite; and d) the texture 

(65, 66). As far a~ texture is concerned, Tanaka et al. (67) have the view that 

extensive ferrite deformation develops a (100) texture, causing separation 
1 

(splitting), which raises the transition ternperature and lowers the irnpaèt 

energy. Thus excessive straining in the a + y range is not recommended. 

2.2.3 COOLING CONDITIONS 

Cooling i8 a natural and integral part of controlled rolling. Its control 

'Cf\n yield excellent results in terms of economy, productivity and material 

properties. Rapid cooling' rates during rolling can lower the transformation 

tempe rature Ar3, prevent austenite recrystallization prior to transformation, 

and reduce the extent of carbonitride, precipitation in the austenite (28). Lower 

o 
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'. 'Ara tefil.peratures increase the 'extent of the no-recrystalli;r;ation zon,e and also 

decrease the ferrite grain size. This is hecause ferrite, grain growth is limited at 
, 

lower temperatures. The limitation of precipitation in the austenite region. 

l~,-es a large propoIiion of the mi~roalloYing elements in solution and, as a 

reluIt, leads ta ènhanced precipitation in the ferrite' region. This is both a 

source of ferrite grain refinement and improved pr~cipitation strengthening 

due ta the formation offiner precipitates at Iower temperatures . 

. 
Accelerated cooling after rolling can also he used to produce fine ferrite 

~ grains. In this way, strength ~nd toughness are improved simultaneously. 
, ' 

" 

Nevertheless, when the cooling rate is too high, toughness may he reduced as a' 

result of hainite formation. Optimum cooIing rates must therefore he used, 
\ 

selected in connection with the hardenahility characteristics of the steel. 

2.3 HIGH TEMPERATURE SOFTENING MECHANISMS ., 

The success of thennomechanical processing is largely dependent on 

appr?priate control of the softening and hardening processes. AlI the ahove 

metallurgical aspects are closely related to the temperatur-e. There are two 

main softening and five main nardening mechanisms; a) recovery and 

recrystallizatidn; and b) grain sille, solute', precipitate, and transformation 

strengthening as weIl as' work hardening. The roles of the strengthening 

mechanisms wi,1I not be covered in this review. 

2.3.1 RECOVERY 

The work hardening of érystals duririg plastic deformation is due to the 
< 

increase in dislocation density that takes place and to their mutual interaction. 

The introduction of dislocations produces a large increase in the strain energy 

of the crystals (stored energy) which can he released when the dislocations 

either annihilate each other or rearrange themselves into low energy 

configurations. Sorne energy is released by the local rearrangement of 

dislocations inta tangles and a further release of energy occurs when low-angle 

boundaries are fonned. Both these processes involve the climh of dislocations 
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and only oceur when there. is sufficient thermal activation to allow the' local and 
1 

·.lo~g-range diffusion of point defects to take place. These changes are 

aecompanied by the pronounced softening ?fhardened material. The process is 

, called recovery and there are two difTerent typês~ 1) statie and 2) dynamic. 

Only the static variety is going to be examined here. 

2.3.1.1 Stati~ Recovery 

Statie recovery is involved in the entire rolling process and especially 

during deformation in the no-recrystallization region. The statie recovery 

process oeeurs when there is no load applied to the material and it does not 

involve an ine~bation ti~e. During th"e process, the sub-boundaries beeame 

sharper and the dislocation density within the subgrains is.reduced, with little 

change in their shapè or size. Temperature, strain, strain rate and addition of 
, . 

alloyil1g elements are the main factors affecting the recovery rate. The rate of 

recovery inereases as the temperature, prestrain and.strain rate are in~reased 
(68). 

2.3.2 RECRYSTALLIZATION 

When a heavily cold worked metal (with cons~derable work harClening) is 

heated above a critical temperature, new grains,. relatively free from 

disloeations,-are produced, resulting in a process called recry.stallization 
. . 

(69, 70). The mai~ types of reerystallization are: statie, dynamic, metadynamic 

. and continuous (or in situ). Only the statie case wiU be described here. 

2.3.2.1 Static Recrystallization 

" This restoration process IS the most important of the softening 

mechanisms involved in eontrolled rolling. It occurs after a critieal amount of 

hot deformation has been applied to the material. The nucleation .and 

completion of this type of reerystallization takes place in the absence of applied 

load. The. time necessary for this restoration process is a function of ~he . . 
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material· properties, the temperature, the am'ount and rate of prior 

defonnation, as welfas the initial grain size. During static recrystallization, 

the strained grains are replaced by new, strain-free ones. A large number of 

dislocations is consumed by the grain boundaries as ,they migrate through the <:> 

metal (71)'. Finer recrystallized grains are produced when prior straining is 

carried out at relatively high strain rates, low temperatures, with large 

réductions a~d on material with small initial grain sizes. The incubation time 

and the rate of static recrystallization are also influenced by the strain, strain 
'> 

. /râte, temperature and gr.ain size. Smaller initial grain sizes and higheJ: stràin 

rates increase the rate of recrystallization ahd decrease the incubation time 

-(68). An increase in temperature results in a -decrease in incubation time and 
j , 

an increase in the rate of recrystallization (68). This restoration mechanism is 
.' 

very important in controlled rolling practice, because small reductions per pass . -

- ,are frequently followed by interpass times comparable with the times required 

~or static recrystallization. Thus recry~tallization may or may not také place, 

4~pending on the details of the 'schedule .. 

" 
\ ' 

2.4 SOLUTE DRAG 

Many investigato~s agree that .the presence of Nb, Ti, Mo and V ,as 

solutes in a plain carbon steel is 'effective iI?- retarding recovery and 

're~rystallization (72-78). The ad4itions aiso suppress grain growth and. 

increase the high temperature strength of the material as a whole. Similarly, 
, , 

the addition of 0.01 % of manganese or iron to high purity alutninum can 

.decrease the rate by a factor ~f 1012 or 101'6, respectiv~ly (79). Clarification of 

the role of impurities is therefore absolutely essential for the understanding of 

recrystallization in deformed materials. 

. , , 

'Lucke and Detert (80) were the first to present 'a quantitative theory of 

grain boundary mobility in recrystallizatiop which took into account the 

interaction -between grain boundaries and solute impurity ~1toms. When 

foreign atoms are introduced into a pure material they occupy difTerent sites 

depending on their size. If the ,solute and solvent atoms are roughly similar in 

size, the solute atoms will occupy sites in the ~rystal latti~e of the solvent 

atoms, forming a substitutional solid solution. If the atoms are much smaller 

'ft 



,0 

, ' 

, 
1 • 

{} 

o 

.' 

, .... 

28. 

th an 'the sol'Vent atoms, they occupy interstitial positions in the soivent lattice. 

Carbon, nitrogen, oxygen hydrogen, and boron are the elemen ts which , 

commonly fonn interstitial solid solutions. When the difTerence in size between 

the solute and solvent atoms is large, the lattice surrounding a foreign atom 
- , 

" will be. disturbed, causing expansion or contraction depending on whether the 

foreign atom is larger or smaller. As a result, solute atom~ prefer to segregate 

to grain boundaries, thereby lowering the energy of the aggregate. Sfmilar 

considerations apply to differences in elastic mo~ulus or electronic structure. 

. The stress field aroilnd a foreign atom with,in a grain', and therefore the en~rgy 
E gained by moving a solute ato~ into the grain boundary, can be estimated 

f~om Cot.trell's formula (8J) ifit is assumed-that the grain bot.lndary is built up 

Of dislocations: 

'. 

4 3 1 + 0 
E=-rG--rt 

3 1 - O' 

q=lr~rrl 

«? '. , 

(2.6) 

, 
(2.7) 

Here G is the shear inodulus, cr is Poisson's ratio', r is th~ atomic radius of the 

hase metal, and rris the radius of the solute atom .. 

In order for the grain boundary t~move during recrystallization, a 

driving force must act upon the boundarils. Here, it will quite simply. be 
. ' -

assumed that ~he line tensi~n of the dislocations endi,!!Bjin the boundary is the 

_ driving f?rce (- 10,8 dyneslcm2). Ifa.grain b~undary loaded with foreign atoms 

.. -. 'stàrts to move, the solute atoms will tend ta be left hehind. Beca use of the 

attractive force between the boundary and the 'Solutes, however, the latter will . 
jump towards the. b~undary' rather- than a~ay from it if the rate' of diffusion . . / 

permits it to do 50. This results in a net velocity towards the boundary, 50 that 

the solute is able ta follow it if the boundary moves slowly enough., Fig. 2.8 (81) 

shows this schematically. When a boundary moves with,constant velocity, the 

total force acting upon the houndary must be zero; in the absence of other 
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, Figure 2,8 'Moving~ gf~in boundary be'tween deform~d and undeformed 

'-... crysta·r~(;che-matic). The boundary moves under the influence of the higher 

den'sity of dislocation lines in- the ..deformed crystal in the direction 'of the 

arrow •. leaving s?mewh~t behind th~ atmosphere offoreign atoms (80).-
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forces, the ~ving force will just be compensated by the retardation due to the 

impurity atoms behind the boundary. It is assumed that the rate of boundary 

motion is the rate determining process and that without impurity atoms the 

boundary _w~ul~ move very much faster. Because the theory of Lûcke and 

Detert (80) as first proposed failed to explain the results of Aust and Rutter (82) 

regarding the relative effects of silver, gold and tin in high purity lead, the 

model proposed by J.W. Cahn (83) Was introduced. It will now be described and 

is employed in the Discussion part of this thesis. 

2.4.1 THE COMPOSITION PROFILE 

If the grain boundary can be represented by an interaction energy E(x) 

and a cü:n'usion coefficien t D(x) for transport normal to the boundary, both of 

whiaa;e functions of the distance'from an arbitrarily chosen center plane of 

the boundary, the chemical poUmtial of the impurity species can be given by: 

Il = KT en C(x) + E (x) + Const (2.8) 

where K is Boltzmann's constant, T is t~e temperature, C(x) is the composition 

and the constant is chosen 50 that E(oo) = O. 

The flux of atoms is assumed to be given by: 

(2.9) 

and .. 

. 
àC'= ~ i-c + [aD + -E.. _~ 1 ac + 2... [aD. dE + D fE 1 C 
at iJx2 iJx KT iJx ax KT·ax dt ax2 

J 

(2.10) 

, .. -, 
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WheI?- the veloeity of the grain boundary (V) is ~onstant, the composition profile 

, can be expressed as: 

ac dG -=-v- V>O 
dt _ !lx ' 

(2.11) 

and consequently, by combining Eq. 2.10 a,nd Eq. 2.11, we ob~ai~ 
,~ . , 

p 
.' 

;'c ( aD D dE 1 ac C [aD àE à
2 
E f O=D-+ -+--+v -+- --+D-

éJx2 êlt KT êlt àx 'KT ax êlt. éJx2 

(2.12) 

J 

Eq. 2.12 was derivéd under the assumption that we are dealing with dilute 
, - , -

solutions everywhere (for Eq. 2.8 to be valid) and that D is defined as the ratio 

~ JKT/(alllax) . C (for Eq. 2.9),50 that, for a given temperature it is only a 

function of x. , ~ 

The solution to Eq. 2.12 is given by: . 

, , {E(X) IX dq } 
C=CVexp---V -* 

o -rrT.I:C D(Il) 
o 

* J:C "exp {E(EJ + V f ( dl'}} d~ 
_al KT .t D(ll) D(EJ 

o 
• 

1 -, 
• 

--

, (2.13) 

Eq~ation 2.13 does not hol1 for V < 0 and at V = O' we obtain 'a si~gularity. 

Therefore, for V = 0 we can have, from Eq. 2.8: _ 

[ 
E(x) ] c= ç exp --

o • KT 
(2.14) 

where Co is the matrix composition. 
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2.4.2 IMPURITY DRAG 

The force exerted by a soluté atom on the boundary is - (dEStti:~ (negative 
when adsorption is taking place). The total force applied by aU impurity atoms 

.". . 
on tlïe boundary is gi ven by: 

J
& dE 

P = - N (C - C ) - dx 
, li _ex> 0 dx , 

(2.15) 

y 

wh&re Nv = 4/a3 is the num,ber of atoms per unit volume and a is the lattice 
, parameter. 

Because the values of C(x), E(x) and D(x.) are difficult to assess in order to . " 

evaluate p~, sorne arrProximations m~st be ~ade. c 

, ,) 

2.4.2.1 High Velocity Limit 1 

- J -J-

, Byexpanding the functions E(ç), D(~) and' t dI}/D(I}) in Eq. ~~13 i~"a 
:to r_ 

Taylor series about ~ ...:. x and neglecting the higher order terms, we can ,obtain 
, ,- / 

an approximate e~pression for C(x), which is: . 

, , \ 

'\. 

. . , 
C 

Il 
, C(x)!;:: ----'-
" ,DE' 

, 1 + ----' 
KTV 

. -

(2.16) 

'f.his is valid 'under the condition that V > > - D(x)IKT • E'(x); the impurity 
, , ... " 

, drag is then apPfoximately equ~l to: " ."." 

oj , 

, ' 

, ' 

J' 

. " 
" 

" 

i . 
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.\ , 
which indicau:s that the drag Îs-l?roportional to the diffusivity and inv'ersely 

, propo,rtional to the velocity. 

2.4.2.2 Low Velocity Limit 

If it is assumed that there exists a distance A from the boundary beyond' 
A ' - .A 

which E = 0 an~ D = ~(':n), we can, for V.~ dX!D(x) <: 1 or lN > ~ dxID(~) 
exp and thé part of the exponentjal involving V in Eq. 2.13 and qbtain' for 

-A<x<A 
, 
','- .. 

~ Il, 1 

E(f.) -

When Eq. 2'.18 is suhstituted into Eg~ 2.15, the drag is given as:. 

' . 

\ . 
. J ex> sinh2[E(x)/2 KT] • 

'P ::;: 4 fi ,C VKT dx 
, r V 0 _ al D(x) 

, \ 

2.4.2.3 ' ,Approximate Eq~ation for Impurity Drag' 

\' 

, 
.1 

(2.18) 

" 

The two equations for the drag (Eqs. 2.17,2.19) èan he c?mbin~d ~nto one 

which holds for both the"high and low veloci ty ranges as follows: .. ~ \ . 

, ' 

,wq~l"e 

aV C 
o p=---

" 1 + p2V2 

œ 

, -
(2.20) 

" 

, , 

1 
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o , ' 

, ~ 

.,' J 

, ,-

2 E(l:) 
CI) sinh -, f 2KT. a = 4N KT . dx 

Il _'" D(x) 

a N IJ J XI (dE ')2 
-p2 == KT _<D dx D(x)dx 

., 

Both a and pare inversely proportional to the diffusivity. 

, 34. 

(2.21) 

, , 

(2.22) 

The drag first increases with velocity, then it reaches a maxiqtum at 

Vp :;: l and fin~IIj decreases. It has an inflection point' at Vp :;: V3 for 

which the slope is dP/dV :;: - a Col8 and at which the drag 'has the value 

'Pi:;: :V3 a Co/413. For an assumed interaction energy profile as shQwn in Fig. 

2.9, the values of a and 13 can be given as: 

, E É 
2 . 0 0 

Q = N (KT) ô(sinh - - -) 
Il _ KT KT 

(2.23> 

'(2.24) 

where B is the, width ~f the grain boundary. Fig. 2:10 give~ the corresponding 

impurity q.ragfor various velocities. 

, , 

'> " 

, , 
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Figure 2.9 The interaction energy profi,le E(x) used. 
(a) E, < 0; (b) E > O. 

, ' 

œ • 

35. 



36. 

o 

l , 

OL-----~1~~~'~2------~3-'-----4~--~~ 

VELOCITY " 'If> 

" ~ ,1 1: 

Figure 2.10 Inipurity drag f?r various velocities (83t 
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C,HAPTER3 -

E;XPFtRIMENTALMATERIALSAN.DPf{OGEDURE 
. . -

3.1 EXPERIMENTALMATERIALS 

Four steels were used lU thè present work, wi th the purpose of 

investigating the effect of boron addition on the recrystallization behaviour of 

ultra'~w carbon steels. These steels were prepared in the Physical Metallurgy . , . 
Research Laboratories of thè De~artn1ent of Energy, Mines and JlesoU1:c~S 
(Ottawa), and their chemical compositions ~re listed in Table 3.1. The lo'w 

carbon conte'nt was selected as being representative of the ULCB (ultra low 

carbon bainitic) steels being made for pipeline applications. The tîtani um 
" ) 

addition was made to prevent boron nitride formation, which would have 

eliminateq. -boron in solution, and thus have interfer~d with its role in 

promoting bainite formation. The al uminum, in turn, was added ta pr~~ect the 

titanium from oxidation. Finally the nidbium addition was designed to p'rovid~ 
precipitation s~rengthenin~ an~ to impr~ve the hardenability by acting ln 

conju'nction with the boron. 
, . 

The preparation of compression 'specimens was based on tha~ used ~n 
previous investigations (84, 85). Cylindrical.samples were machined from the 

as-received plates with the compression axes aligned parallel to the rolling 
, " 

direction. An aspect ratio (height-to-diameter) of 1.5 was selected to promo te 

homoge~eous deformation (84). The end surfaces of the specimens were 

grooved (86) ta allow for maximum retention of the glass powder lubricant. The 

sample and groove geometries are.illustrated in Fig. 3.1. 

AlI samples were heàt treated at lOOOC:>C for l- hour under vacuum, and . 
then air cooled. This nonnalization heat treatment was applied in order to 

eliminate the rolling textures present in the as-received material; such 

textures frequently lead to the production of elliptical -cross-sections ln 

deformed samplesl~ 

~' .' 
1 

L 
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Base 
-~~,~ 

Boron 
Nb 

Nb + B 

(1<::'~ , " 

) / 

! \ 

'l'AHL''~ 3.1 - Chemical C·ompositjo.ns of'the Steels Investigated (wt.%) 

C 

. 03 

.03 

.026 

.026 

Mn 

1.54 . 

1.55-

1.42-

1.56 

,"'. 
--' 

Si P. 

.19 .008 

.18 .OÔ7 

.156 .007 

.150 .006 

-\ 

S Ti Nb B . . 

.005 .02 ---- ----

.006 .02 ---- .0033 

.007 .0,2 .055 ----

.007 .02 .055 .0030 

. , 

Al 

.02 

.02 

.02 

.025 

N 

.0048 i 

.0043 i 
i 

~O063 

.0064 ; 

l }, 

f ' 

~ 
0:> 
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Figure 3.1 , 
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f 
· ~ 

1 · 1 

Specimen Dimensions (mm) 

size Length CL) piameter (0 ) 
· L 1 1 11 .. 9 7.9 
· 

A"'''!''AA , 

Groove Dimensions (mm) 

size A B C E 
1 0.18 0.15 0.36 0.10 

[ Tolerance ,. a02 

Compression test sample geome~ and groove design (84). 
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3.2 EXPERIMENTAL EQ UIPMENT 

The hot compression tests were carried out on a 100 kN MTS closed loop 

electrohydraulic testing machine. A CENTORR model M60 front loading high 

temperature high vacuum furnace was used to provide the tempera ture 

:r:equirem~nts for the experiments. For purposes of performing constant true 

strain rate compression tests and of data acquisition, the MTS testing machine 

is interfaced to a PDP-11/04 minicomputer by means of an MTS 433 unit. The 

• loads and displacements were stored by the computer during the compression of 

the sample, and were subsequently displayed on a Tektronix 4010 graphies 

tenninal.imlnediately after each test. 

Flow curves were plotted using the same terminal and permanent copies 

were provided by a Tektronix 4613 hard copy device. Following that, the test 

data ~ere transf~rred to a floppy disk for permanent storage; they could be 

recalled at will at later times. 

. . 
External views of the test assembly can be seen in Figs. 3.2 and 3.3; these 

include' the l'lITS machine (a), the furnace (b); the PDP-ll/04 computer (c), the 

Tektronix terminal (d) and hard copier (e), as weIl as the coittrol consoles for the 
1 •• -

vacuum system and temperature regulation for tlie MTS machine (O. 

The compression tooling was' comprised of upper and lower an vils 

(tungsten) tightly screwed to stainless steel extension rods. The top extension 

rod is fixed ta the ram orthe MTS machi,ne, whereas the lower one is attached to 

, - the load celi. An interior view of the furnace chamber, th~ compre~sion tools 

and heating system is given in Fig: 3.4. (The heating elemen t~ a.re of tungsten 

mesh). The experiments were carried out in a vacuum of 10-5 torr or b\ett~r. 

3.3, EXPERIMENTALMETHOD:ANDCONDITIONS 

3.3.1 STATrC RECRYSTALLIZATION" 

The experimental teçhl1iq~e for followihg the static recrystalliz~tion of 

hot worked austenite used in tl;tis investigation was the interrupted 
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:Fi~re3.~ Ex~ernal.view of the high\temperat~re 
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. 
Figure 3.3 External view of the computer and control 

consoles for vacuum and ternperature regulation. 
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~igure3.4 Int'er.ior ,view' of the CENTORR high 
, -

temperature furnace and compression tools. 
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compression test method developed by Petkovic (87). This technique is bnsed Gn 
the principle that the yield stress at high terhperatures is a sensitive measur.e 

of the structural state of the material. Examples of the two ~xperimental 

curves are presented in Fig. 3.5. These samples were loaded at a constant 

strain rate of 2 s·l te a prescribed strain of 0.25, unloaded. and held at zero loud 

fo~ time intervals of 1.5 oand 10 s. Aftér the interruption. the samples were 

reloaded at the same strain rate for an additional strain of 0.25. As can be seen 

froID. Fig. 3.5, after an interruption of 1.5 s, the flow curve on reloading rises 

rapidly ta a stress level comparable with the loading curve. By contrast, when 

thé interruption time is longer (e.g. 10 s), the reloading flow curve approaches 

that observed during the initialloadingofthe annealed material. 

Î . 

The degree of softening, X, taking place dùring the unloading pariod can 

be estimated from the expression 

P' 

o - 0 
X = m r· (3.1) 

o - 0 
,,- m a 

. lIBre am is the,.Jlow stress im.mediately before unloading 'and a~ and ar are the 

yield stresses pertaining to the first and second cycJes o~Aoading, respectively 

(Fig. 3.6). An offset strain of 0.2% was used ta define the initial flow (yield) 
.. J 

stresses on loading and reloading. / . - , 

, 
AlI the samples were subjected to an austenitization he'at treatment 

inunediately prior. to testing for the following two reasons: 0 

" 

'1<' 

- The complete dissolution of aIl the microalloy carbides was 

desired; and 

It was çonsidered useful tQ have approximately the same 

austenite grain size în aIl the steels. . 
\ 

The equilibrium solution temperature of NbC was c,alculated frdm the 

relation given by Cordea (88): 

.' . 
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~ .' ,10 ~ SAMPLE 1146 
1 6 A ~.20 ~A~ TREATMEHT; 1100 C 

.TEST TEMPERATURE 1 900 C 
~.OO [ ~~~âH RATE' ~ /SEC 

" T TRAIH: . 5 5 -1.80 HOLDIHG TIME: 1. 5 SEC. 

... E 1.68 

-s 
T 1.40 
R i 1.211 

1.99 ., 
11 
H 9.89. 

'/ / 

H 0.68 
'" J, 

. 2 8.40 ... 
fi .. 

~ 

~20 *" ~ . 
0.00 

0.08 1.0e 2.00 3.0e 4.00 '~.09 
'TRUE STRAI N .E-81 

.. , \ 

Figurre 3.5 Typical exper~mental flow curves for interruption times of 1.5 'and 10 
seconds. 
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FigUre 3.6 Determination of·the percentage softenin~ b~ the offset meth6d. 
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7510 
log( (Nb) (C)) = - -- + 2 96 T . 

(3.2) 

In the above equation, (Nb) and (C) are the concent -ations in ,weight percent of 
, , 

. Nb and C, respectively, and T is the absolute temperature. The solution 

. tempe rature was estimated to be approxim,ately l020°C. In order to ensure 

c~mplete disso'lution, the austenitizati.on temperature wa:s raised 

approximately 75°C above the estimated one. In this way the austenitization 

temperature was serected to be 1100°C, a temperature high enough to dissolve 

the Fe23 (B, C)6 precipitàtes as weIl. Finally, sorne large precipitate's (TiN and 

MnS) were detected at 1 ioo'c. These :,vere 'formed at m uch higher 

.~emperatures and also act as grain refiners.in the present case' because they 

prevent grain coarsening during austenitizâtion. 

"-
\ 
) 

3.3.2 DYNA!vfIC RECRYSTALLIZATION '. 

The parameters associated with dynamic recrystallization were obtained , , . 
from interrupted stress-strain curves, as indicated in fig. 3.7. The peak strain 

J . 

cp was taken as a measure of the onset of dynarnic recrystallization, Le. of the 

nucleation strain, even though the actual onset is known tO,occui somewhat 
J 

earlier. Inl sirnilar. manner, the recrystallization strain ex was considered ta 
. be defined by the distance between the first peak (ep) and the first valley or 

minimum (see Fig. 3.7). 
" 

4 

Thèse two quantities can be divided by the testing strai~ rat2, ~, ta give 
, ' 

the nucleation time and recrystallization ti~e, respectively, from which the 

corr~'sponding rates can be calculated in turn. ,The austenitization and test 

tèmperatures as weIl as the strain rates used were selected in such a way as to :. 

provide flow curves with at least one peak and one valley for the appropriate 

definition ofcp and c x• " 

." 
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3.4' METALtOGRAPHY 

49. 

Three different types of metallography were employed in the presen{ 

investigation; the sample preparation routines involved are del;icribed below . 

" 
3.4.1 OPTICAL MICROSCOPY 

The quenched samples were first 'cut along the compression direction 

with a 11-1180 Buehler Isomet l~w speed diamond saw operated with coolant so

as to protect the specimen from overheat~ng. One of the res'ulting pi~ces was 

mounted in black bakelite MM 112. Then the sectioned surface was ground 

using 120, 240, 400 and 600 grit silicon c~rbide papers in sequence. poÙshed 

with 6 and Illm diamond pastes. and finally with 0.3 and 0.05 'pm alumina to 

- finish. Etching was the ~st stage of sampie ~reparation. For the quenched 

,samples. hot sa,turat~d aqueous pi cric acid solutions at 60 to 90°C were used 

with the addition orsome Teepol601. This etchant revealed the prior austenite 

grain boundaries. 

3.4.2 ELECTRON.:MICROSCOPY 

The extraction replicas, were released by electropolishing using a very 
l" , 

low initial current for approximately 5, min., which was later increased 

~aâually. The positive electrode of the DC power supply used was always in 

contact with the surface of the speci,H~.)n. The composition of thé electrolyte 

,employed was the following: 

œ • 

, , 
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78 ml perchloric acid 

120 ml distilled wa ter 

700 ml ethanol 

100 ml butanol 

, , 

Subsequent to that, the replicas were washed gently in alcohol first and then in 

a 50/50 mixture of alcoho'l anô wat~r and finally pt'aced on copper grids (Cu, 
(... l', 

3~, 20~ mesh). and dried. The grids were observed in the transmission modè 

(80 kV) in a JEOL-100 ex electron microscope fitted with a PGT System IV 

.energy dispersive x-ray spectrometer (EDS) for the éhemical analysis of' 

individual particles. 

3.4.3 BORON AUTORADIOGRAPHV . , 

TEe technique ofboron autoradiography is relati'vely hew and it has been 

applied 'to pinpoint the location of ~oron in the microstr~èture' (89, ,90). 

Autoradiography take.s a:dvant~ge of the faet that naturally occurring boron 

consÎsts of 18.8% lOB and 81.2% lIB, and when this is 'exposed to neutron 

irradiation, th~ lO~ decompQses a~cording to: 

lOB + lI1-7Li + 4He 

The alpha particles (He nuclei) generated in this fash.ion can leave distinctive 

tracks on a sensitive film or emulsiôn pla.ced on the steel surface to be 

examined. When studied unGer phase contrast microscopy, the film clearly. 

delineates concentrations ofboron in the microstz:ucture. 

The first stage of sample preparation was the same as for optical 

microscopy. Then a strip ofsensÎtive film (Kodak LR115) was squeezed against, . 
the 'top of each sarnple. The samples were placed in an aluminum holder and 

then inserted into thé neutron radiography facility of the NRX nuèlear reactor 
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at AEeL iri Chalk Riv~r (Fig. 3.8 (91». The samples were exposed for 385 hours 

to a fluence of5 x 1014 neutronslcm2. After the above treatment, the samples 

were rembved from the reactor and the film was etched for 5 min. 'in a basic , , 
solution'(lO% NaOH and 90% distiUed water) at 65°C. Then the film was 

examined under top illumination in an optical microscope. Ffnally. the 
ppotographs were taken with a Polaroid type 55 film. 
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Figure 3.8 Neutron radiography unit at NRX south thermal 

column (91). 
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CHAPTER4 

EXPERIMENTAL RESULTS 

The aim of the present research in its broadest Interpretation was th~ 
investigation of the influence of boron on the softening processes taking place 

in hot worked austenite under both statie and dynamic conditions. In 
particular~ there were three detailed objectives to be dealt with, 'namely: 

, , 

1) To determine the effect of .bo.ron addi tion on the 

2) 

3) 

, ,. 

recrystallization behaviour ofhot worked austenite. ' 

To investigate the possible synergistic influence of niobium 

plus boron when added jointly and, to explain the raIes of 
, . 

. ,niobium and boron in this ph~nQmenon. 

To consider the implications of the niobi um plus boron 
, ' 

interaction on the roll~ng schedules apprppriate to ultra low 
carbon baini tic (ULCB) steels. 

In order to fulfil the above goals, two distinctly different sets of 

experiments were carried out on the lQur steels lis,ted in Table 3.~. The first set 

of experiments was comprised of interrupted hot compression tests always 
,. perfo~ed at a cons,tant t~ue strain rate of 2 s-l in the temperature range 900 

., ta 1100°0. 

_ The amount of prestrain was varied from 12 to 50% and the load-free 

'time following the prestraining was increased from very small values 

(fractions of a second) to the time required for the steel to recrystallize 

completely. In this way the progress of static softening vs. time was studied 

, under three difTerent predefo~ation conditions (12, 25 and 50%). In order to 

, study the influence of boron on softening under dynamic conditions, 

uninterrupted stresslstrain curves were ctiso employed. The basic criterion for 

the selection of the experimental conditions in this case was the appearance of 
at 'least one peak and one valley in the flow curves. The experimental 

Sn 
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parameters varied in this part were: the austenitization temperature {in the 

ra~ge of ~050 to 1250°C),the test tempe rature (in the rangé of 10~b to llOO°C), 
and the strain rate, (in the range of10-3 to to 0.5 s:l). 

4.1 STATIC SOITENING RESULTS 

4.1.1 FLOW CURVES OBTAINED IN INTERRUPTED COMPRESSION 
TESTS :. 

Selected sets of true stress-true strain curves are presented in Figures 

4.1 to 4.4. These;were produced by the computer after interrupted compression 

'tests performed at 1000°C on the plain carbon, boron, niobium, and niobium 

plus boron steels, respectively. In order to keep the diagrams simple, a single 

curve was selected as representative for the plain carbon and ,boron steels, and 

two curves for ,the niobium and niobium plus boron'steels: Nevertheless,5 to 12 

tests were carried out on each steel at a given temperature. The type of steel." 

the austenitization ànd test teJTlperatures, the prestrain and strain rate as well 

as the holding or load free'times are indicated on each figure. 
) 

Comparison of the flow curves for t~e base (Fig. 4.1) and ~oron (Fig. 4.2) 

steels reveals two important observations: 

(i) The stress-strain curve for the first compression is the same 

for both steels (unloading stress of about'120 MPa). 'This . , 

') , 

\ suggests, that there is little stren~henîng of the base steel 
o ' 

when boron is added. 

, , 

(ii) The difference in the amount of, softening ~fter the sam~ 

holding time durin'g the load-free interval (2 seconds) is not 

\ very large, îndicating that the single addition' of boron to 

the base steel retards the softening process only slightly ~ 

Similarly comparison between the niobium (Fig. 4.3) and niobium plus 

boron steels reveals the following: 

, . 
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(i) . The stress-strain curve for the first compression is almost 

, , the same (unloading stress of about 144 MPa) and again.the 

addition ofboron (to the niobium steel in this case) dées not 

significantly i:rfluence the stress leve~. The difference in 

unloading flow stress oetween the base and niobium steels 

(àbout 24 MPa) ('an therefore be attributed solely to th~ 

addi tion of the Nb. 

(ii) 

(iii) 

.) 

After incr~asing holdiag times (from 20 to 100 seconds) and 

for the same steel (Nb or Nb + B), larger amounts of 
\.~ " 

softenin~ ~re observed. 

For the same holding times (20 or 1QO seconds), there is a 

considerable difference in softening between the two steels, 

indicating that boron has a strong retarding action when 

niobiuJ1l is pre~ent. 
n 

59. 

. The above res~lts represent only a small fraction of the experimental 

. yVCJrk conducted in.. this part of the investigation. Readers interestëd in the 

effectof.temperature, prestrain and alloy composition on the actual shape of the 

flow curve and on the va.! ues of the flow stresses developed are referred to , 
Appendix 1. Here about one third oLthe compression curves are presented in 

\ 

the fonn of a single set per experimental condition. In the next chapter, the 

influence of the experimental cbnditions on the softening behaviour of the 
\. , 

different steels will be examined in much rnore detail. 

4.1.2 'FRACTIONAL SOFTENING DETERMINED BY THE OFFSET' 
METHOD 

The complèt: f:actional softenin'g ''(5. holding ,time curves for aIl the 

experimental conditions are presented in Figures 4.5 to 4.8, These results were 

detennined ,by the offset method and the conditions and materials employed are 

,indicated on each diagranl'. Two regions can be distinguished in aIl the curves: 

the static recovery region, which corresponds ta small amounts of softening . 

(usuaUy about 20%), and the s'tatie recrystallization region (frdm 20 to 100% 

" / 
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s~ftening). The two softening pro,cesses overlap ~t around 200/; and the 

transitic'n from on~ mechanism ta the other is marked by an acceleration of the 

softening process. For a better appreciation of the early softening behaviour, 

the static recovery results for the Nb and Nb + B steels are presented in 

amplified form 'cin Figs. 4.5(b) and 4.7(b) for prestrains of 0.25 and 0.50. 

respecti vely. 

In Figure 4.,5(a), the amount of softening taking place during the 

unloading interval is shown as a function of the time of the unloading for a 

prestrain of 0.25 for the Nb (open symbols) and the Nb + B (full symbols) steels. 

1t is evident from the result? that: (i) the ,presence ofboron in solution leads to a 

retardation in the rate of austenite' recrystallization compared to that obtained 

in the unmodified niobium steel; (ii) the maximum retardation is observed at a 

test temperature of 1000°C; (iii) there is only limited retardation of 

recrystallization dut:! to boron addition at 1100 and 900°C; (iv) at test 

temperatures of 1050 and 950°C, there is an appreciable difference between the 
f 

behaviour of the two steels, although the magnitude of the effect is less than 
, 

that observed at 10000 G. It should be noted that at 900°C, softening is very slow 

and there is a possibi1ity that the precipitation of NbC (in the two steels) and 

Fe23(B,C)6 (in,the Nb + B steel) takes place. 

lri Figure 4.5(b), the fractionai softening associated with the statie 

recovery process is' plotted for very short times. Clearly the recovery part is 

retarded'aç the earliest times, as is the overall recrystallization hehaviour. 

The softening,behaviourrof the base and base plus boron steels tested at 

900 and lOOO°C after a prestrain of 0.25 applied at a strain rate of 2 s-l can be 

seen in Figure 4.6. For comparison reasons, the results presented in Figure 

4.5(a) for the Nb and Nb + B steels are also included. From this comparison, 

the following conclusions can he drawn: (i) the softening process in the base and 

base plus boron steels proceeds m~ch more quickly than in the Nb and Nb + B 

steels; (ii) the sole addition ofboron ta the base steel does not appreciably retard 

the soflening process; (iii) the niobium addition ta the base steel causes a very 

large retardation; (iv) the presence of boron in the niobium steel results in a 
further retardation which is larger than the sum of the retardations produced 

by the single additions of boron and niobium to the base steel. It 15 

t 
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readily apparent from the above that the combined addition of niobium and 

b&tbn produces a synergistic retarding effect. 

The above observations clearly suggest the presenc~ of a solute- drag 

effect. If this interpretation is valid, the retardat~on of recrystallization 

depends on: (i) the velocity of the moving grain boundaries; and (ii) the 

diffusivity of the relevant solute atoms. For a better understanding of this 
, '" 

phenomenon, experiments were conducted with differen t amounts of 

predeformation, namely 0.5 and 0.12. Increasing ~he amount of the prestrain 

increases the velocity of the recrystallizing grain boundaries through i ts effect 

on the dislocation density and hence the driving force. Decreasing the amount 

of the prestraining, by contrast, has the reverse effect. 
J 

From Figure 4.7(a) it is evident that. with increased prestrain, boron still 

retards recrystallization but now the effect is greatest at 950 instead of 1000°C. 

It is aiso apparent that the Ume for 60 percent softening (equivalent to 50% 

recrystallization because of the occurrence of about 20% softening by recovery) 

, for the niobium plus 'boron steel at the temperature of greates~ retardation is 

approximately 100 seconds, as in the previous case of the 0.25 predeformation . . 
The softe~iI1g curves also indicate that: (i) NbC precipitation may begin at 

about 200 seconds in the Nb steel ~t this temperature; and (ii) the addition of 

boron appears ta accelerate the precipitation kinetics by as much as an order of 

magnitude. If ,the precipitation did not take place at -900°C, the relative 

difference between the Nb and Nb + B steels would follow the pattern observed 

in Fig. 4.5(a). The recovery parts of the softening curves can be seen in Figure 

4.7(b), indicating that recovery is retarded in the same fashion as in the case of 

e = 0.25. 

The softening curves obtained from the experiments with 12 percent 

predeformation (and therefore with decreased grain boundary velocity) are 

shown in Figure 4.8., Once again, there is a condition of maximum retardation, 

at 1050°C in this case, and the time for 60 percent softening for the Nb + B 

steel is again at about 100 seconds. Furthennore, because the temperature 

range of these experiments is relatively high, the retarding effect is unlikely to 

be due to the occurre{lce of precipitation, but is more likely to involve sorne kind 

of solute drag. 
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4.2 DYNAMlC SOFrENING RESULTS 

4.2.1 FLOW CURVES OBTAlNED IN COMPRESSION 

" 
« 

, , 

68. 

Typical sets of compression flow curves are presented in Figures 4.9 

through 4.11. These curves re'present a small portion of the work conducted in 

the full investigation and are selected so as to illustrate the effect of difTerent 

paI:'ameters on the shape of the curves. More complete sets of the curves are 

collected and displayed in Appendix II. In Figure 4.9, four steels tested under 

identical conditions are compared. The shapes of these curves are typical of 

materials that recrystallize dynamically. After macroscopic yielding, the 

material woi'k hardens. As the rate of recovery increases with strain, the net 

rate of work hardening decreases with strain. Finally, dynam~c 

recrystallization is initiated just before the peak stress is attained, and the 

subsequent drop in flow stress is due to the progress of dynamic 

recrystallization. This softening process involves both nucleation and growth, 

and therefore requires time. 

From a comparîson of t~ese flow curves, the following'observations can 

be made: (i) the addi~ion of Nb to the base steel Încreases the peak stress of the 

flow curve; (ii) the addition ofboron ta the base and Nb steels does not increase 

the peak stress; (iii) the peak strain (Cp) pertaining tG the Nb flow curve is much 

larger th~n the peak strain for the base material, so that Nb in solution 

apparently. retards the softening process~ and (iv) the presence of boron 

increases the peflk strain (mainly in the Nb steel), and also increases the 

recrystallization, stràin (ex). (Note that the time .. t, to reach a selected strain) e, 

at a given strain rate, è, is t = r/é). The presence of boron therefore' aIso 
, 

appears ta retard the softening process. 

In Figure 4'.10, flow curves determined on the Nb + B steel at three 

different strain rates are depicted. As the strain rate is increased from 0.001 to 

0.1 s·l, the (ollowing changes in the shape of the flow curve can be observed: (i) 

l}.igher strairt rates produce flo~ curves with higher stress levels; (il) when the 

strain rate is increased, the peak strain and recrystallization strain both 

increase; and (iii) the flow curve displays a single peak at a str'ain rate of 0.1 s·l 
, 

and multiple peaks at a strain rate of 0.001 s·l. 
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The efTectof austenitizing temperature is illustratèd in Figure 4.11. The 

Nb steel selècted for these experiments was austenitized at 1050, 1100, and 

1150°C for the sam~ time (10 minutes); it was then deformed at 1050°C to a 

strain of 0.8. The austenitization tempe rature clearly influences the initial 

austenite grain size (higher austenitization temperature leads ta larger grain 

size) and the dissolution of precipitates. High temp~ratures can also b.e 

expected to decrease the degree of segr~gat~on of the solute atoms within the 

material. The differences in the flow curves, which are not great, can be 

at~buted mainly to the differences in initial grain size and are th~ following: 

(i) there is li ttle difference in the stress leve Is of the three flow curves; (ii) when 

a higher austenitization temperature is emp!oyed, le~ding to a larger initial 

grain size, larger peak and recrystallization strains are produced; and (iii) 

smalt initial grain size (about 35 pm at 1050°C) leads to a multiple peak flow 

curve, indicating grain coarsening (92), while a large initial grain size (about 

52 pm at 1150~C) results in a single peak (grain refinemen t) flow curve. 

fI' 
V . 

4.2.2 DEPENDENCE OF €p AND ex ON DEFORMATION CONDITIONS 

The effect of deformation parameters su ch as strain rate and the test and 
.' 

austenitization temperatures on ep and e"{ (onset and duration of 

recrystallization) is illustrated in Figures 4.12 to 4.14. Figures 4.12(a) and (b) 

depict the effects of test tempe rature on the critical strain e p (Fig. 4.12(a» and 

on the recrystallization strain ex (Fig. 4.12(b)). For aIl four steels, cp and ex 
decrease as the test tempe rature is increased indicating that the onset of 

recrystallization takes place earlier at higher temperatures. Boron addition to 

the base steel does not significantly affect the onset of recrystallization, 

whereas the presence of Nb results in a very large increase. The retarding 

effect of B when added to the Nb steel is largest at 1000°C and decreases with 

increasing temperature. This result is consistent with the effects of B addition 

on the static recrystallization behaviour which were described above. Because 

the peak and recrystallization strains were too large for dE;!termination by 

compression testing at 950 and 900°C, the tempe rature condition associated 

with maximum retardation could not, unfortunately, be established. 

ra 
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The influence of austenitization temperature on the onset strain for 

dynamic recrysta.llization as weIl as on the recrystallization strain can be se en 

in Figures 4.13(a) and 4.13(b), respectively. For aIl steels tested, the values of 

ep increase with austen~tizing temperature. This is probably relat~~ to the 

differences in initial austenite grain size. High8: austenitization tempe ratures 

produce larger grain sizes and, therefore, few'e1- nuclei for rec,rystallization. 

(Recrystallization is usually nucleated on the prior austenite grain 

boundaries.) The detaHed results showing the influence of austenitization 

temperature on grain size will be presented iater. 

The base and base plus boron materials have closely similar behaviour, 

whereas the Nb and Nb + B steels display considerable differences at 1050°C 

and much lèss at 1250°C. Lower reheating temperatures than l050°C were not 

employed because th~ NbC precipitate~ would have remained undissolved. 

tiFinallY the dependence of ~p and èx on testing straÏn rate is shown in 

F,igur s 4.14(a) and 4.14(b). Hert! it is evident that whereas there is little 

difii ence between the base and base plus boron steels, the difTerence in ep and 

ex between th,e Nb and Nb + B steels are strain rate dependent and that the 

retardation due to boron addition is at a maximum -kt strain rate of 0.1 s-l. The 

, difference decreases as t'lie strain rate is increased ta 0.5 or decreased to 

0.001 sol. 

\ 
o 

4.3 METALLOGRAPHIC RESULTS 

4.3.1 OCCURRENCE OF PRECIPITATION DURING STATIC 

RECRYSTALLIZATION 

In ord~r to investigate in what form (solute or precipitate) boron 

,influences th~ recrystallization process, carbon extractIon replicas were 

prepared for the Nb and Nb plus boron steels tested under the experimental . 
conditions described above. Examples of the results obtaineaare presented in 

Figures 4.15 to 4.22. The sample shown in Figure 4.15 was austenitized at 

t 100°C for 15 minutes; the tempe rature • was
D 

then lowered to 1000°C, the, 

sample deformed 25% and quepched immedfately aftéi--deformation. The 
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Figure 4.15 Undissalved TiN precipitates in '8. Nb + B steel solution treateq and 

then deformed 25% at lOOOoe and immediately quenched. 
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Figure 4.17 X-ray spectrum analysis of the TiN -precipitates 

shown in Figs. 4.15 and 4.16. 
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Figure 4.19 }Ç-ray spectrum analysis of the MnS precipitates 
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micrograph reveals the existence of a small number of large preci pitates which 

remained undissolved. Similar coarse precipi tates were observed when the 
c 

sample wa!J quenched 100 seconds after the d~formation (Fig. 4.16). ,As can be 

, seen from the spectral analysis of these precipitat~s (Fig. 4.17), they consist 

mainly of TiN, which forros at very high tempe ratures; sometimes there was a 

small additional peak i~dicating the presence of'some undissolved NbC close'to 

but separate from the TiN. The appearance of the Nb samples (i.e. those not 
, # 

containing,B) pertaining to the ,same conditions was similar to that shown in 

Figs. 4.15 and 4.16; no examples are therefor~ incl-uded here. 

The remaining diagrams, Figures 4.18 to 4.22, pertain to Nb and Nb + B 

steels deformed at -900°C and quenched after 1000 seconds. The 'large round' 

'-:" particle,s shown in Figure 4.18 were round to be MnS (Fig. 4.19). This type of 

1 precipitate also forms at high tempe ratures and severai examples were 

.detected in the 10000e sar.aples as weIl. In Figure 4.20., a Nb and a Nb + B 

~ 

o 

sample aJ'e compared; the spectral analyses of the precipitates shown indicate 

that NbC particles of considerable size are present close to the TiN particle's 

(Figure 4.21(a). 

In th,e Nb + B sample, 'there are more precipitates per unit area and 

there are also sorne additional fine 'particles. The micrographs in Figure 4.22 -

, depict the same are a of tlIe Nb + B steel at two different magnifications and 

the spectral analysis o,f the la~ge grain boundary precipi tates indicates an Fe 

peak (Fig. 4.21(b». The above finding confirms that the grain boundary 

precipitates are Fe23(B,C)6, an observation that iS: consisten t with sirnilar 

,"reportsin the literat~re (26, 31). 

4.3.2 BORON AUTORADIOGRAPHY RESULTS 

The location 'of boron inside the microstructure after different 

experimentarpretreatments is illustrated in Figures 4.23 to' 4.26. Here the 

, autoradiographs can be compared_ with the photomicrograph~Jor the steel 

(Nb + B) in the same condition. The sample' shown in Figlii=e 4.23 w~ 
, . \ 

qüenched in water from 1000°C after aus\enitization at 1100°C. The 

autoradiograph (Figure 4.23(0» shows no clear evigepce of boron segregation 

" JI- _ 
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at the grain boundaries. In Figure 4.24(a), the sample was first austenitized at 

1100°C, then deformed 25% at lOOO°C and immediately quenched. The grains 

are evidently flattened and the corresponding autoradiograph CFigure 4.25(b» 

indicates that boron segregation has not taken place at the grain boundaries. 

Figure 4.25(a) shows the micrqstructure ofa sample austenitized at 1100°C and 

deformed at 1000°C to a strain of 2.5%. The sample was quenched aftet àn 

isothermal holding time of 60 seconds. The process of·static recrystallization i~ 
almost at its beginning and clearly there is sorne boron segregated at the grain 

boundaries (Figure 25{b». ' Finally,' when the isothermal holding time was 

increased to 600.seconds (alrnost at the end ofrecrystallization) a considerable 

amount of boron segregated at the recrystallizing grain. boundaries can be 
observed (Fig. 4.26(b)). 

4.3.3 DETERMINATION OF INITIAL GRAIN SIZE 

In order to determine the initial austenite grain size, a series of Nb + B 

steels was (i) heat treated for one hour at 1000°C and 'air cooled; (ii) austenitized 
1 

for 15 minutes at 1250, 1150,1100 and 1050°C and water quenched. As the: 

austenitization temperature is increased, the initial grain size incréases, as can 
~ 

be seen in Figure. 4.27. 

\, 

.r 
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CHAPTER5 \ 
DISCUSSION 

During deformation at a strain rate and temperature of interest in hot 

working operations. aIl Illi!tals undergo work hardening and dynamic recovery, 

and sorne may undergo dynamic recrystallization as weIl. Most metals and 

alloys are hot worked under interrupted, non-isothermal deformation 

conditions. such as in coItllliercial forging or hot rolling, where the incremental 
"1) 1 • ' 

strains are srnàll and generally do not reach those required to attain steady 
" 1 

state conditions. In such interrupted operations (w,hete the strain involved in a 

single pass e very se~dom exceeds the critical value for dynamic 
• 
recrystallization and cOfi~equently dynamic recrystallization nuclei are Ilot 

formed), softening by sta'tic recovery is followed by static' recrystallization 
\ 

during the interpass tirnes. The rate of c1assical recrystallization is a function 

of temperature T, driving force and density of nucleation sites. The latter two 
'" 

in turn depend respectively on (i) the 10cal,difTerence in dislocation density and 

(ii) on the grain size do. since nucleation occurs preferentially at grain 
, 

boundaries. The dislocation density differences are proportional to' the 

dislocation density itself. which depends ,on the Zener-Hollomon parame ter Z 

and the predefonnation ep• The efTects of temperature, p~estrain and initial 

grain size on the rate of recrystallization were investigated in the present work 

and, for ease of{presentation, the results obtained under static alld dynamic 

conditions will now be discussed separately. 

5.1 Srr::ATICSTRUCTURAL CHANGES 

In the present investigation, the influence of two ouf o"f the above three 

parameters, namely othe temperat'ure and prestrain, was investigated under 

static condÙions. The results were presented <Chapter 4) as percentage 

softening versus log of the holding time and the softening curves had a 

sigmoidal shape. The same type of sigmo.idal curve also appears when the 

isothermal transformation of austenite to pearlite is followed as a function of 

(log) time. Such dependences are characteristic of processes involving J 
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nucleation and growth, and under these conditions the results can he fitted to 

the Avrami equation (93, 94) 

x = 1 - exp(- ktn) (5.1) 

wher.e x is the fraction of the material transformed or recrystallized, t is the . , 
time, k is the rat~ constant and n is an exponent. 

5.1.1 CAl1CULATION OF THE PARAMETERS k AND n 

Equation,5.l can be rewritten as follows: 

1 - x = exp( - ktn ) \ 

- In(1 - x) = kt" 

1 
log 10 [n( --) = log 10 k + n log 10 t ' 

1 - x 
(5.2) 

From Equation 5.2 it is apparent that the',Slope of the loglO !n(lIl - x) versus 

loglO t ploi will he equal to n and that the value of the ordinate at t = 1 is log k, 

froIl1 which the value ofk can be derived. Such a plot is displayed in FilSUre 5.1, 

where the experimental q,ata were obtained from the Nb and Nb + B steels 

deformed to e = 0.25 at 1050, 1000 and 950°C. The most interesting feature of 

this plot is that, instead of ohtaining a single straight line for each steel tested 
'\ -

at a given temperature, there are two segme~ts to each fit. Aiso the sI opes of 

the two' tinear parts change at values of softert4!g of about 25%. The above 
\ 

indieates that there are two softening pracesses taking place: (i) statîe recovery; 

(from 0 to 25% softening) and; (ii) statie reerystallization (from 25 to 100% 

softening). The values of k and n for recovery and recrystallization were 

therefore measured separat~ly, by following the method introduced by Luton 

(95). 

.. 



~ 

~ ~ 
4

J 
("'. 

.. 

'\ 

. 61 , . 
i 1 1 " , 0 (S 

/;1 / .-
/ .41- [=0.25 - .-

p 0 
0,6.0 :Nb 

1050'# 1000'C y " ' 

.2~ +,:,- ,0 ~ Nb+B <1 

,/ ~ 

"'" 950°C 

'rl Il 6 

r. ~O .. 

-~ -C 
d.., r ,.// d . /-.~ /L-J / Recrys tdftzatlon 

Cil 
0 
-.J 

.//~-*~ 
~-. ~ pO.25 

-.<3 TT ~~ ___ y 

Recovery 
1 () /- [~- ./ 

-.8 
À..", , , 

'-1~ 'j-" ~ 
:~ 

" -1 ..... 0 1 - 2 3 
L09(t) J 

-
Figure 5.1 Dependence of l~g 11!{l/1 - x) on log t at three different tempe ratures in co 
the Nb and Nb + B steels. ~ 



95. 

For the analysis of recovery, it is useful to define an expression for the 

fraction al recovery in. which full recovery is-represented by the reloading stress 

(J"". When ooly recovery is taking place, the fractional softening is given by 

(5.3) 

Here am is the flo~ stressÏmmediately before unioadi~g and aQ arulor are the 

initial flow stresses ,recorded during prestraining and reloadin~, respectively .. 

The superscript r is used, here to denote the softening fraction attributable to 

'...r~covery on1y .. It follows that thé fractional softening at the completion of 

recovery Xr >D, is given by 

o -() 
r rh co 

X = -""'--
GO 0 _ 0 

(5.4) 

m 0 

and ~e degree ofrecovery xr by 
, .. 

" xr 0 -0 
r m r 

X = - = (5.5) 
\ xr 0 -0 

D m "" 

The experimental quantities xr and Xf"" can be ~ubstituted into equation 

(5.1) to yield the following equation 

(5.6) 

The valu~s of the time exponent nr and the rate constant kr for rec6very 

only can be obtained from plots of loglO In(xr oc/X r 
'Xl - xr) vs. loglO t.. The 

t 

saturatipn level ofxroo was chose,n te be 0.25 for this purpose. 

> , 
A similar approach was followed for the case of r'ecrys~llization and the 

equation that resulted is given by 
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(5.7) 

where XR(D = 0.75, t = t - 1:0 and to is the tjme for 25% softening in this case. 

The overall softening p_roduced when the two restoration processes oc~ur 

together is in general given by the sum ofthe individual components as: 

, , 

.(5.8) 

'5.1.1.1 Static Recovery' 

In Figures 5.2 to 5.4, plots of 10glO In(Xfex/Xf", - ,Xf) versus 10gH) are 

presented calculated from the experirnental softening cUrVes for prestraïns of 

12,25 and 50%, respectively. 

A number of observations can be made from these plots: (i) for a given 
~ -

predeformation, material and test temperature, the data are well repr~sented 

by straight lines; (ii) the slopes of the lines (when ep is constant) are similar and 

do not depend on the material c~emistry or test temperature; and (iii) as the 

predeformation is' increased from 12 to 25 to 50%, the average slope (nf) 

increases from 0.46 to 0.61 to 0.77, re'spectively. Clearly the intersections of 

these lines with the vertical corresponding ~o t = 1 are changing and the values 

of'k r obtained-in th,is way increase with temperature. 

Furthermore, kf is seen to increase from 0.33 to 0.72 to 1.40 as the 

predeformation of the Nb ~teel testecl at 1000°C is increased from 12 ta 25 to 

, ,-- 50% (Table 5.1). A similar depe~d'ence of the rate constant (kr ) on tempera'ture 
~-' -. and strain wa~ reported by Luto~ and Jonas (95) for ETP çopper, but the 

numerical values were different. However, in contrast to the results of the 

above investJgators, the titne exponent nf in the present wcrk depends on 

deformation'(Table 5.1). 

s 

Figure 5.5 shows the dependence of the tirne exponent n r on the' strain, 

and this depende~ce can be expressed by an ~mpirical formula as: 
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( 
" 0 TABLE 5.1 .. Empirical Constants k r and nr Obtained from the Softening ... 

,.... Data 

,Recovery 

... 
.r Prestrain 0.12, Strain Rate 2 s·l 

-
Nb Nb + B 

Temperaturè oC n r average 
kr nr kr nr 

1050 0.65 0.49 0.51- ·0.48 
0.46 

1000 0.33 0.44 0.24 0.44 
0 < 

Prestrain 0.25, Strain,Rate 2 s·l , 

Nb Nb + B 

( Temperature oC n r average 
( 

kr nr kr n r 
/"' . 

1050 1.50 0.64 1.10 0.63 

1000 0~72 0.60 0.47 0.60 0.61 
r 

- 950 0.32 0.60 0.27 0.59 ~" 

Prestrain 0.50, Strain Rate 2 s·l 
. . . . 

Nb Nb + B 
Temperature oC 

, \ 
lb,r average 

k r nr kr nr . , 

1000 1.40 
, 

" 
0.89 1.00 0.77 

0.77 
• 950 0.72 0.74 0.26 0.77 

. " 

( 
.. 

b 
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(5.9) 
.' 

. . 
Therate coefficient was found to depend on bath tempe rature and strain 

through an erp.pirical expression of the fot;ID 

r r • Qr 
K = A (c)exp( - -) 

RT 

(5.10) 

wh~re Ar(c) is a constant depe,nding on the st:qlÏn. The slopes of the, ln Kr versus 

inverSe absolute tetrlperature c'urves 'for'the Nb and Nb + B st~els tested at '" -, 

prestrains of 12, 25 and 50% (Fig: 5.6) provided the va,lues of the activation 

e~~rgies for the two steels (Qr!\lb '= 193 KJ/mole, Qr Nb + B = 249 KJ/mole). The 

intersection, of the above lines with the vertical axis provided the values of the 

pre-exponential te~ (Ar). By plotting .ln Ar' and 10glO ln Ar versus Cp and 

logl(> ep (Fig .. 5 .. 7), respe~tively; empirical expressions for ln Ar were obtained 

. for the Nb and Nb + B steels as follows. 

ln N:-';b-= 19.46 . 'cp~ 0645 (5.11) 

(5.12) 

5.1.1.2 Statie Recrystallization 

By using an approach similar to that or' the ~tatie recovery case, 

,.loglO I~XR",,/XRD - XR) data were- plotted v~rsus loglO (t,,~ to') -for' the 

determination of nR (see Figs. -5.8 to 5:16). I:Iere to·is t~~ incubation time (time 

for 25% softening). The value's of KR obtained in this'way are listed in Table " 

5.2. , The only new,observation whicb can be made here·is that the average 

value of nR does not vary much with predeformation and temperature and has. a 

value of approximately 0.9. A simib~r overall dependence wa~ reported by 

:{.uton et al. (95) fot ETP Cu, hut their vai'ùe o(nRwas 2.2. '. . 

.-
" 
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TAB~E 5.2 - EmpiricalConstants kR and nR Ob41ined from the 
6 Softening Data 

\ 
\ 
1 
1 

Temperature oC 

1050 

1000 
, 

-

Temperature oC 

'1050 0 

1000 

950 

Temperature oC 

1000 
. 

950 

" 

Recrystallization 
\ 

Prestrain 0.12, Strain Rate 2 s-l 

Nb Nb 1- B 
nR average 

kR n R kR nR 

0.017 0.9 0.056 0.91 
0.86 

0.004 0.8 0.002 0.82 

Prestrain 0.25, Strain Rate 2 s-l 

Nb Nb + B 
nR average -

kR n R kR nR 

0.180 1.00 0.13 0.95 
-

-, 

0.030 0.91 0.07 1.00 0.95 

0.004 0.85 0.0012 0.99 

Prestrain 0.5, Strain Rate 2 s-l 

Nb Nb + B 
nRaverage 

kR' n R kR nR 

0.16 0.91 0.11 0.95 . 
, 0.90 

0.04 0.85, 0.01 0.91 

108. 
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The rate coefficient for recrystallization (kR) was found to vary, as in the 

recovery case, with temperature and predeformation. kR ean therefore be 

related ta inverse tempe rature -and prestrain by the expression: 

(5.13) 

where the ,constant AR again depends on p~est;r~in. 

From the plots of Figs. 5.11 and 5.12, the values of the activation ~nergy ; 

QR (QR:-rb = 509 KJ/mole, QR % + B = 638 KJ/mole) and AR were calcula'ted to be 

(5.14) 

\" ln AR:-.Ib + B = 60.30 . Ep005 (5.15) . 

. . 
The validity of the above empirical expressions ~as tested for the Nb and 

Nb + B steels as follows. A test temperature of 10000e was se,~ected, with 

predeformations, of 0.12, 0.25 and 0.5~ and a strain r:ate·of2 s-l. Equations 5.9 to 

9.12 provided. the values of the parameters nI' and k r from which the softening 

due to recovery xr(xl'"" = 0.25) was estimated from Equation 5.6. Similarly 

~quations 5.13 to 5.1:> provided the value orthe parameter kR(n R ::::: 0.9, see Fig. 

5.13(a) for incubation time to) and, with the aid of equation 5.7, the softening 

due to recrystallizaÙon XR(XRoo = 0.75) was estimated. The total softening is 

the SUffi bf these two softening components (Eq. 5.8») In Figure 5.13(b), the 

individtial values of Xl' and XR are plotted, as weIl as the total softening X, and 

the,.se are cOI?pared with the experim~ntal data (open symbols). In addition, 

from Figs. 5.13(c) and 5.13(d), it can be seen that there is good agreement 

between the experimental and calculated.softening curves. 

By means of the above analysis, the progress of statie softening for any 

temperature and for defonnation in the range of 0.10 to about 0.60 can be 

readilyestimated. 

... 
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. . 
5.1.2 STRAIN DEPENDENCE'OF STATlC RECR~STALLIZATION 

\ . 
The effect of strain on static recrystallization can be seen in Figure 5.14, 

where the results for the Nb and Nb + B steels he Id at 1000°C after difrer~~t 
, • c 

'prestrains are presented. 

Clearly, the process ~f recrystallization is speeded up as the, prestrain is 

increased from 0.12 to 0.25 to 0.50. The, efTéH of prestraining can also be 

evaluated from the time -for 50% recrystallizatiort (approximately 62.5% 

~~oftening) '\to 5. The present data we're plotted in this way~ fo~ ,severai 

temperatures and the results are shown in Figure ,5.15. The points for the 

vario,us tt:mperatures can be fittéd by straight lines and these are 

approximately parallel. 

Estimates of the slopes ofthese Hnes give values that vary from .:.. 3,4 to ' 

- 4.0. Thus to 5 cali be expresse~ .,.. _' - ',' , ' 

',(5.16) . 

wq.ere A is ~ èonstànt and m is the slope. 

, , 

Barraclough and Sellar$ (96) found a ,similar ,~m~ct of strain at small 

strains, which they reported as 

(:5.17) 

, , 

for C-Mn ·steels. 

... , ' -

~t shouldhe ,noted:that th:e a,boye st~ain dependences ,are {lnly vaUd weIl 

before the peak in the stress/strain c'urve is attai~ed. As the peak is . \ ' 

approached, the strain dependence decreases and approaches'zero by the onset 

of steady staie defotmation. Similarly there is a lower limit of ~train to which 

this relationship (Eq. 5.16) is applicable and which is uncertain as the criÜcal 
- ~ J f 

stra,in ff?r static recrystaqizaçion ~as not,received systematic study. The data of 

-, 

.. 
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Morrison (97)-. for exampl~, indieate that it is less than 0.05 for low carbon steel 

at 950°C whereas the observations of Djaic and Jonas (98) indicate a value 

greater th,an 0.055 for high carbon stéelat 780°C. The ab'ove subject merits 

further study beeause low strains are frequently applied in the final passes of 

plate rolling and these eould have signifieant effeets on the final grain size if , 
they are in the vicinity of the critieal strain for statie reerystallization. 

, 5.1.3 ~MPERATURE DEPENDENCE OF STATIC RECRYSTALLIZATION 

, ... . 
Static reerystallization is clearly a thermally activated proeess and the 

effeCt of temperature can be 'seen from the softening curves presented in 

Chapter 4 (Fi~. 4,5(a), 4.6. 4.7(a) and 4.8). Obviously, as the temperuture i,s 

increased, the time for the completion of recrystallization is red~ced. The 
- . 

te~p~rature dependence can also be described in terms of the time for half 

reerystallization (to 5), which can' be plotted against the inverse absolute 

temperature. This is dône ~n Figure 5~16 for the plain carbon, baron, niobium 

and niobium plus boron steels submitted to a préslrain of.0.25. For comparison ' 

purposes, the data for the Nb and Nb + B steels tested ta pr:estrains of 0.12 and 

0.5 are also plotted. the data points for each steel pertaining ta a single 

prestrain fall on" straight lines. The r~~ryst~llization d~ta ean therefore be 

expressed as an empirieal equation of the fonn 

QR 
t =Ae-
0.5 RT 

(5.18) 

w4ere R is the gas constant (8:31 J/mole-K)'and QR an activation energy 

associated with recrystallization. 

The physical signiflcance of QR is not completely understood. There is 

good reason to believe that more than one process is involved in 

recrystallizatiop, so that QR cannot be relat~d to a single simple process. 

Furthermore. for the 'activation energy' to be strictly valid, the microstructure 
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(particularly the disloca_tion density: and substructure) must be identical at the 

start of each experiment carried out over the full temperature range. This can 

be done by using a different strain rate at each temperature so as ta keep the 

value ofZ :::: é exp(QIRT) constant (87). Due t~ the.complexities involved, this 

approach was not empÎoyed hl the present investigation. It is best, therefore, to 

consider the measured recrystallization activation energy as an empirical 

constant the magnitude of which sirnply characterizes th~ ease of 

recrystallizatiofl. Average val ues of the activation energies determined in the 
, . 

present experirnents (slopes of the lines in Fig. 5.16) are presented ih Table 5.3. 

It can be seen that the activation energy incl'eases from 240 for the base steel to 

541 KJ/mole fPI the Nb + B steel when deformecl to cp = 0.25. The addition of 

boron to the base steel has a very small effect on QR, while that of Nb-raises it 

by more than a factor of two. 

TABLE 5.3 - Measured Activation Energies for Static Recrystallization 

(KJ/rrtole) 

, , 
Strain 

Prestrain Base H Nb Nb + B 1 
Raté 
(s·l ) 

-

0.12 - - 562 598 2 
-

0.25 240 250 520 541 2 

0.5 - - 509 521 1 2 

, ; 

The activation' eneI;'gy for the base steel.is somewhat smaller than a 

previously rèported value (272 KJ/mole) (99), ,but this can be attributed in part 

ta ~he-smaller initial grafn sizes used in this work, which are in ,turn linked 

with' the influence ofthè TiN particles which are present during' reheating. 

Finally, when the predefonnation is increased from 0.12 to 0.5. the 

activation energies for the Nb and Nb + B steels decrease from 562 to 509 and 



( 

, ' 

( 

122. 

,598 to '52~ KJ/mole, respectively. This is accounted for mo.st simply by the 

increase ln the driving force with increased prestrain. 

l , 

5.1.4 STArIC RECRYSTALLIZATION-TIME'-TEMPERATURE (R>TT) 

CURVES 

The construction of RTT diagrams-is vf7ry important because they 

provide informati~n useful to' industrial metallurgists about the start and the 

end of recrystallization. 

To signify the start and finish of static recrystallization at each 

temperature, the amounts of 30 and 90% softening have been selected from the 

softenill:g curves 'presented in Chapter 4. The recrystallization start (Rs) and , 

finish (Rf) times can be seen in Figures 5.17 and 5.18 displ~yed as functions of 

. the holding temperature. _ Clearly, the single addition of boron to ~he plain 
~ 

carbon steel retards the start and fi~ish of recrystallization, but only by a small 

amount. The addition of Nb produces a large retardation in both the Rs and Rf 

times and the above finding is, of course, in general agreement with many 

observations in the literature. The combined addition of Nb ançl B produces the 

greatest retardations,. and these are' larger than the sum of the individual 

retardations uttrfbutable to each element. Furthermore, the relative difference .. , 
between the Nb and Nb + B steel first increases as the temperature is 

decreased, reach~s a maximum, and then decreases again. Thé location of this 

ttknee" depends on the predeformation condition, but it has nothing to do with 

the process o.f precipitation which is discussed in more detail below. . . 
Nevertheless, the precipitation of NbC does take place at lower temperatures, 

as was demonstrated in Chapter 4, and the dashed lines in Figures 5.17 and 

5.18 indicate the recrystallization kinetics expected in the absenc~ of second 

phase particles. < 

5.1.5 INFLUENCE OF BORON ON CARBIDE PRECIPITATION 

In a literature review by Thomas and Henry (55) on austenitic steels, it 

was demonstrated that the presence of boron modifies the characteristics of 
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both grain boundary ana intracry_stalline carbide precipi tation. The 

modification t~~y described c~nsisted of changes. in the nu~ber and spatial 

distFibution of the particles. There were also indications of accelerated . " 

precipitation, suggesting that boron intervenes in the nucleation process. More 

recently, clear evidence has been published that boron seg:-egates at the grain 

boundaries prior to or simultaneously' wi th carbide precipitation and that thére 

is boron present within the carbides (100). It is therefore of in~erest to examine 

t4e role ofboron in modifying the various factors that control the nucleation of 

carbides. 

One possible way in which bor~n may in'fluence nucleatloll is by lowering 

the ~ctivity/of carbon iil the mat~ix or in the precipitate (101). The latter would / 

deérease the chemical free e-nergy term in the nucleation activation energy for 
l '. 

precipitation~ The influence of small quantities of boron on the surface energy 
- , 1!P • " 

. term do not appear to be v,ery plausible and the estimated change in austenite 

grain' boundary energy due to presence of boron is indeed ~ery srnall (18). The 

most interesting possible explana~ion come~ from the indicati0I!' th2t boron 

reacts with vacancies to form bor~n-vacancy complexes (45, 46). T~ese are 

faster diffusing s"pecies than single vacancies and can therefore reach the 
il 

nucl~ation site more quickly. The enriched supply of vacancies at tqe nucleus 

can.then accelerate the process of nuèleation .. 

If the above proposaI is correct, experimental variables such as the 

arnpunt of prior deforination, the preceding heat treatment and cooling rate 

which strongly influence the number of vacancies and consèquently of boron

vacancy pairs, will have a large effect on ~e morphology and k~netics of 

precipitation. 

....' -
5.1.6 THE ROLE OF BORON IN THE SOFTENING.PROCESS 

The prësent rn v'estigation has' shown that single B addition to a base , 

steel is of only small significance in retarding austenite softening, while the 

combined addition of Nb and B leads, through a synergistic effect, to' large 

retardations. Furthermore. the relative difference in retardation between .such 
" -

Nb and Nb + B steels is not constant,. but dè'pen~s on. the amount and 

.. 
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temperature of the defonnation. The above observations lead ~ the following 

questions: (i) In wh~t state (as precipitates, clusters or in solid solution) are the 

'solute atoms when they retard the softening process? (ii) What is the 

me"chanism responsible for the s~ne'rgistic action? (iii) Why does the rèlative 

, difference in retarda.tion betw~en the Nb and Nb + B steels depend on the prior 

~fonnation conditions? J; 
<) 

.• 
WeIl substantiated answers to the above questions are difficult to 

provide; nevertheless, sorne explanations consistent with the results of the 

present investigation and with results reported in thë literature will now be 

e;xamined in turn. 

5.1.6.1 State of Solute Atoms During Retardation of the Softening Process • 

It is weIl kno\V~ th~t foreign atoms wlthin the host material ca~ be found 

. in thrèe different states, depend~ng OIi the composition and experirnental 

conditions. The first state ~nvolves Foreign atOms which combine to form second 

phase particles or pr~cipitates.' These particles a;e à~le to retard or even arrest 

reérystalliza~on rompletely if they are fine enough (less than 100 A) and are 

finely dispersed within the mâtrix. Under these conditions they exert drag . ~ 

forces on the moving grain boundaries which oppose the driving force. If, on the 
o ' 

other hand" they are sùffj:ciently coarse, they have no effect at aIl. 

Th_e second st~te'ha~~ do with tlassociated solutes", a concept introduced 

by W.C. ~lie (102). A~co;(ling to this ide~, two or more solutes, which display 

a: strong a~traction for each other, can be associated in solution, farming a type 

o_f cIuster. Su ch dùsters can ~nteract str?ngly with dislocations, retarding 

recrystallization or strengthening the material to a greater degree than in the 

absence, of such' aggregation. The l."elevant solute may be any combination of . . 
interstitial or substitutional elements and the results are most pronounced 

when the~e ~re present iri verylow èonce~trations. 

Finally, the thir9 state is that ofsolid 'solution, where the solutes -remain 

dissolved in the ~attice \hi the materiar. Solute atoms can aiso interact with 

_ dislocations and grain boundaries, causing both solute strengthening as weIl as 
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the retardation nf recrystallization, as discussed in the Ijterature review 

chapter. 

The possible presence ofprecipitates was investigated as described above 

with the aid of carbon extraction replicas. For this purpose Nb + B samples 

were austenitized at 11000e for 15 minutes, deformed at 1000ce nt a strain rate 

of2 s-1 to a strain of 0.25 and then quenched immediately after deformation. A 

second set of sampl,es was held isothermally for 100 seconds after deformation 

prior to quenching (see Figs. 4.15 and 4.16). The examination of these replicas 

by electron microscopy revea.led the presence of coarse TiN and MnS particles 

which were judged to have'i'ormed at high temperatures. Because of their size 

and distribution, they were considered not to be able to interfere with 

recrystalliza tion. 

Although verification of the existence (or absence) of associated solutes is 

difficult.,j.l'le results of the present investigation suggest that the above state .- , 
did not play a role for two reasons. The first involves a comparison of the 

J 

prestraining parts of the Nb and Nb + B flow curves (Figs. 4.3 and 4.4). If 
• 

ordering or clustering had taken place as a result of the addition ofboron to the 

.Nb steel, higher work hardening rates and stress levels would be expected to be ' 

displayed by the Nb + B steel. The second argument is based on a comparison 

of the softening curves presented in Chapter 4 (i.e. Fig. 4.5(a»). Clearly, as the 

test temperature is decreased from 1100'to 900oe, the relative difference in 

retardation first increases and then decreases. If clustering is taking place, the 

relative difference would be expected to increase monotonLca!ly: this is because 

the undercooling or driving force for precipitation (and therefore for clustering 

as weIl) should increase as th,e tempe rature is decreased. In other words, more 

clusterin~ should take place 3:.t 950 than at IOOOoe, and consequently, the 

relative difference in softening ~hould be greater at 950 than at 1000°C. 

Two of the three possible states of foreign atoIDs can therefore be 

rejected, leading us to the conclusion that the foreign atoIDs 3:re most likely to 

be acting as 50lutes in the temperature range ofinterest (1100 to 950oe). 

i 
./ .. 
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5.1.6.2 The Solute Drag Theory and SubstÎtu~onal Solutes 

. . , 

An explanation of the .results of the present investigation ~equires a 

more detailed'f8.IIl;iliarity with the solute drag theory than can be gained from 

. the literature rev~ew presented aboye. This model will therefore he examined 
more closely helow. According ta the theory, the drag exerted on a moving 

.boundary by the atmosphe're of s~t'ute atom~ trailing it is not a rinear function 

of its velocity.' Instead, the drag first incfeases with the velocity, reaches a 

maximum and then decreases. When the veloci ty of the grail). boundary is 

relatively high, the solute atoms can no longer follow the houndary. It breaks 

away at this point and recrystallization oecurs very quiCKly, almost as fast as in 

a pure material. This theory was originally developed for pure -materials with 

, small a.n1ounts ofa single impurity. However, here we will assume that it is at 

Ieast qualitatively valid in the present types ofmaterials. 

o \ ~ 
The mathematical formulation of the drag force Pi as a function of the 

, 0\ 

velocity V'Js given by Cahn as: 

(5.19) 

and 
• 

~ IO) sinh2[E(x)/2 KT] 
P = 4N C VKT 

1 U 0 _<XI D(x) 

, 

, ,(the symbo-ls Nv, Co, K, Tt E(x) and D(x) have been definèd in f,iection 2.4) fOl;" the 

high and low velocity regions respectively. In the high velocity region 

,(VP > v'3 in Figure 2.10), the drag'increases with the diffusivity of the 

impurity; in the low velocity region (V13 < t in Figure 2.10), by contrast, the 

opposite is true. In hath cases, the drag force, incr~ase& rapialy wi'th the 
interaction energy E(x). 

... , 

" , 
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A critical questi~n at this point is the following. How is it determined 

whether a specifie problem involves high or low drag forces or velocities? For 

tl1is purpose, we must rely on the experirnental results of Aust an~.Rutter (82) 

obtained on lead doped with silver, golcl and tin. They noted that the faster 
c· . 

diffusing species exerted the greater drag. Consequently, it can be ~oncluded 

that they were dealing, according,to Eq, 5.19, with the high velocity extreme. . , 
~urthermore, John Cahn (83) has also sugge~ted that almost aIl work involving 

the recrystallization of piastically strained crystals is comfortably in' the high 

drivin~ force (high velocity) extreme . 
.; 

., In the case of the recrystalliza~ion of hot worked HSLA steels, most 

specifically when precipitatio'n is not taking place, it has been r~ported (103, 
.. 1" • ~ 

104) that the retarding àbility of the main mièroalloying elements (Nb, Ti, Mo, 
, 

V, Mn, Cr, Ni) per atomic percent at 900°C increases in the following ascending 

ord~r: Ni ~ Cr < (Mn <' V <' Mo < Ti < Nb. -, The impurity diffusion 

,parame.tersofthe above Elements in FCC iron are presented in Table 5.4: Their 

,difrusivities at 900, 1000 and 1100PC are listed in Table 5',5-. It is of - , , 

. considerable interest,that the order of the diffusivities of the-se solute elements 

foÙpws the order of their retarding abilities.' This observation leacls us to 'two 
~ • J ) ~ ~ 

important cbnclu~ions: (0, first that if the solute drag theory propo,sed by Cahn 

is valid for pure metals, it is likely to be at least qualitatively a.pplicable to 

HSLA steels at high temperatures; (ii) s~c6nd, that the driving forces and 

velocities ofthe're~rystallizing grains lie in the high ve~ocity regim~, 

.5.1.6.2.1 A QUâlitative Look at Solute Drag 
, , 

, \ 

The abo~e two equations for the drag ca'n be combined, as described in 

Chapter 2, to' produce a mo~e comprehen'sive e~pression valid for' an velocities. 
'This is: ' " -, '. 

" . 

t ;' 

\ 
" ' , 

) 

, ' 

<J , 

, ' 

, . 

'ove 
0, 

p::::---
, 1 + 43 2V2 

, .' 

" 

.. 

. 
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-' T'ABLE 5.4: Impurity Diffusion Parameters in y-Iron 

.' -

. 

, 

.. 

Solute Do(10-4 m2/s), 

Fe 0.89 , 

,Ni '0.108 

Ct, , '0.169 

Mn 0.178 

V ,0.28 

Mo 0.036 -

Ti 0.,.15 

Nb 5.6 

Q(KJ/mole) 
, 

291.3 

273 

263.9 

264 

2~4 

239.8 

25t 

286 

Reference~ _ 

105 

' 106-i09 '~ 

- ,110, 11~ 

112,113 

114 

111, 115,116 

117 

,118,119 

\' 

, ., 
TABLE 5.5· Impur:-ity Diffusiv~ties in y-Iron' 

~ , 

- 1 900°C 100O°C 1100°C . 

130. 

- '-~ 

, 

Solute x lO·14(cm2/sec) 'x 10- 13(cm2/sec) x 10:12(cm2/sec) 
, \ 

Fe, 9-.35 

. Ni ~ 7.41 , 

Cr '29.5 

Mn " 30.7 

'v 48.4 

Mo '74.5 

Ti . 98.4 
. - Nb 101.0 

, \ 

9.78 

6.69' 

24.7 
, 

25.8 

40.6 

51.4 

' 74.4 -.. 
. 101.5' 

" 

. 

7:26 

4.38 

15.2 

15.9 

25.0 

26.8 

41.8 

72.7 

, 

~ -. , 
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- where 

a= 

N (KT)28 'E E 
Il ('h 0 0) sm - --
E D KT 'KT 

(5.21(8)) 

a . , 

(5.21(b)) 

'and 8 is the grain br'ndary width <about 5 ÂL Note that th,e ~onstants a and P 
are invèrsely propottional to _diffusivity D. The value of the inter~ction energy 

Eo can be calculate<;l. as shown in section 2.4, fro'm the equation 

where 

and .-, 

4 3 1 + a 
E =-r G--n 

a 3 Fe 1'::" a 

-
. -~- -1 r F, - ri' ' 

- - ------- n= . J 
, . r 

F, 

<1y-iron = 0.286, 

, 1 

, -4 - 0 91 <T - 300t 
G = S.l x 10 Cl - ') MPa 

. 1810-

. . \ 

(5.22) 

_1 

/ 

, . (5.23) 

l ' • 

(Oy-iron ::; 'Poisso,n's ratio, G = shear modùlus for Voiron (20) at a given 

~mperature T (K)). The atomic radii (r) for several common alloyiJîg elements 

~re listed in Table 5.6. 
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. " TABLE 5.6· Atomic Radii ofComm,on Alloying Elements· (Â) (121) 

. -
Element y-Fe Nb Ti Al Mo V ' Mn Si 

Radius 1.274 1.468 1.462 1.432 1.400 1.346 1.312 1'.319 

*Forcom:dination number 12 

\ 

By substituting the data presented earlier into tne above equations, the 

drag force versus normalized velocity ~el~tion wàs obtained for pure iron doped 

with the various addition agents in turn. The set of relations is presented tn 

Figure 5.19(a). Furthennore j in Fig. 5.19(b), the drag force versus velocity 
, 

profiles can be seen (i.e. without normalization). 'The values of the constants a 

and p and of the interaétion energies Eo employed are given in Table 5.7 as 
- " 

calculated from Eqs. 5.21(a) to 5.23. For these results to apply to steel in a 

qualÙa~ive way, it must be assumed at this Eoint that the responses ofpute iron 

doped witn a single impurity and"ofthe present base steel doped witp the same 
, 

element are similar. The kinetics of recrystallization of thé p':lre iron will of 
. " . 

çourse be much faste9 than those of the base steel under the same deformation 
-, , l 

conditions. J , 

Bearing in mind the above assumptions and qualifications, the profiles of 

~igure 5.19 show that the a~ditioh of Nb to'ste~l should produ,ce a much ~igher -

drag force (and therefore ret~rd recrystalllzation to a 'greater degree) than the 

addition ofth~ same concentration ofV . 

" 

.. , 
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TABLE 5.7 - Calculated Values o( 0, p and Eo at IOOO°C 
~ 

Solute ' a (erg sec/mole 'cm) P ($eclcm) Eo (erg) 

Nb 6.43 x: 1014 ' 1.5 x 103 3.05 x 10-13 

Ti 8:32 x: 1014 ' 2.1x 103 2.99 x l,O-13 

Mo 5.83 x: 1014' _ 2.9x 103 . 2.03 x: 10-13 
, 

V 2.5 x 1015 1.45 x: 105 1.14 x 10-14 

Mn 1.21 x 1015 '1.82 x: 105 6.10 x 10-15 

) , 

t 

This is, of cQurse, consistent with a great deal of experimental observations. 

The ~agnitude of the maximum drag force de pends only' on ,the interaction 

energy Eo, while the posctlOn of the maximum is a function of the interaction -

energy, ~nd diffusivity D of the a~loying elements. An increase in int~raction 
- -

energy and/or diffusivity (bôth increase with size,ofthe substitutional element) 

\Vill move-the drag, force ver~~s velocity profile tov.:ards the region of higher 

velocity (Fig. 5:19(b». For eléments which are similar in size, e.g. Nb and Ti, 

the faster diffusing element (Nb) is expected to exert the larger'drag. 

The èffect'of temperatu,re on the drag force vs. velocity curve fo'r Nb can 

be seen in Fig. 5.20. As the tempe rature is increased from 1000 to 1100°C, the 

profile shifts downwards to lower drag forces, but does not change shape. This 

suggests that, as the temperature is increased, the vel<:>city of a gr~in boundary 

moving under a constant driving force will increase, a prediction which again is 

weIl documented experiment:ally. 
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5.1.6.2.2 The Effect of the Type ofE(x) and D(x) Profiles on the Magnitude of 

Solute Drag 

At this point of the discussion, two important remarks concerning the 

interaction energy Eo and the diffusivity D must be emphasized. First, the 

calculation of the interaction energy is based solely on the difference in atomic 

radius and the possible influence of differences in valence (i.e. of electrohÎc 

structure) is completely ignored, as is the effect of differences in elastic 

'modulus. Indeed, it has been suggested in the literature (79, 80) that these 

other properties may also contribute to the different influences of the various 

impurities on the increase in the recrystallization tempe rature that they cause. 

Second, so far in the prese,nt analysis, matrix impurity ~iffusion (DN1) was 

considered as the dominant transport mechanism, mainly beçause ,the foreign 

atoms remain behind the boundary and move in the ma trix towards the 

boundary. However, it is now known that grain boundary diffusion (DGB) 

becomes an important transport m~chanism for stationary grain boundaries 

when DOB/D~I > grain diameter/grain boundary width (122). Also it has been 
, . 

shown by H,offman' and Turnbull (123) that the two contributions to the total' 

diffusion flux are equal when the grain sizes and ratios of DOS to D:'vl have the 

values shown in Table 5.8. ~ 

TABLE 5.8 - Relationship Between Ratio ofMatrix DM and Boundary 

~GB Diffusion Coefficients and Grain Size at Which Equal Amounts of 

Diffusion Take Place by the Two Processes (123) 

DOB/DM Gr~in Size (pm) 
\ 

106 ' 2 x 103 

.105 1.4x10 

104 , 2.1 x 10-1 

103 " < 10-2 
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, 

From the diffusivity data in referençes (19, 105), the ratio DGBIDM for 
, , < • ~ 

Fe at 1000°C was fou.:ld to be approxlmately equal to 6 x 105: 

(DG.BIDM ::::: 6 x 105). It is'also suggested in reference (122) that the activation 

energy for diffusion along the grain bound~ries is approximately one half that '!Î' 
1 

through the matrix; thus by using the diffusion data for Nb given.in Table 5.4, 

itcan be shown that DGBIDM :::::7.4 x 105. 

Because these two estimated ratios were independently derived and have 

similar values, it seems reasonable to consider that the ratio DGB/D~ is 

approximately equal ta 6 x 105. Now the metallQgr~phically determined grain 

size for this temperature is about 40 pm. Consequently. from the values 

presented in Table 5.8, grain boundary diffusion can be calculated to be 

important with regard to stationary grain boundaries and therefore also 

important for the case of moving grain boundaries (122). As a result, we 

conclude that the grain bound-ary diffusivities must be taken into consideration 

for the calculation of the drag force vs. velocity profiles. This was done in the 

present i'nvestigation -for the assumed profiles shown in Figure·5.21 (J24) (case 

1 has already been considered). These profiles are only defined for positive x, 

but it should be born in mind that they are symmetric about the grain boundary 

center. Th~ irtteraction potentials were arbitrarily chose-n as negative, 

indicating the adsorption of impurity atoms at the boundaries. The equations 

for calculating a and a/{32 are given for each case in Table 5.9 and the values for 
1 

a, p and Pi max estimated in this way by the p~esent author for Nb and Mo at 

lOOO°C are sh-own in Tables 5.10 and 5.11. . 

It is' evident from these results that the calculated drag depends very 

much OIi the type of energy E(x) and diffusivity D(x) profile used. The 
o • , 

inter.esting point arislng from the comparison of the Pi max values in Tables .. 
5.10 and 5.11 is ~hat the Nb drag for~es are always higher than the 

corresponding values for Mo showing once again that Nb is expected to be more 

effective in retarding recrystallization than Mo. 
r 
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Figure 5.21 -The interaction energy profiles E(x) and diffusivity profiles O(x) used in 

calculating the impurity drag parameters a a.:1d a/p2 in Table 5.9. 
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TABLE 5.9 ~ Theoretical Equations for a and afi32 

- , 

V Profile Corn binat:on l 

a "'" 4RT ~ RT [Sinh.!.! _ ~] 
V .. D Eo RT RT 

(.U) 

~ ID 2 RT D (Eo)' 
(3' V ... cS RT 

(.-\2) 

. 
Profile Combination II 

a ::::;--- 51Oh- 1-- - niT! 1--4RT ~ RT [. Eo '( 1) Eo ( 1) 
V .. DL Eo . RT m. RJ. m 

+ ~ (SiP-h!..?. - ~) ] DaB RT ."pT 
(.\3) \ 

~ ID 2RT (.§..)l ~ (DaB + ....!?!:....) 
/32 V 1ft RT cS m, m - 1 

(.H) 

Profile Combination ru 

. 

( 
(.15) 

(A6) 

Profile Combinaticn IV , 

4RT RT cS l 01=-------
V ... Eo DL a' - a 

l, 

(Aih 
, 

where (1 =' - (RT IEo) ln (DrJ Dos). 

(AS) 

Profile Combm3.tion V 

'lRT {ô 'h' Eo 3 RT' 0 (, Ea' Eo)} 
Qi:O 'T:" DC8 sm '2RT + 2 Eo DL smh RT - RT (.-\.0) 

~ "" ~, RT (Eo): DL 
{P 2 r.. RT . 0,' , . (:\10) 

.. 
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TABLE 5.10· Calculated Values ofa, 1J and Pi max for Nb at lOOO°C 

, , 

Profile -

Combination 
. a(erg secln;lOle cm) p(!5êcJcrn) . Pl max(erg/mole) 

l 6.43 X 1014 1.50 X 103 Co' 2.14x lotI 

III 6.15 x 1013 1.21 x 10~ Co . 2.53 x 1013 

IV 4.28 x 1012 0.56 x 100 Co' 3.8 x 1012 

-V 1.92 x 1015 3.25 x 103 Co' 2.95 x 1011 
. 

. ' TABLE 5.11 . éalculated Values of a, 1J and, Pi lnax for Mo at IOOO°C , ~ 

" 
Profile a(erg sec/mole cm) p(secJcm) Pi max( erg/mole) éombination 

l 5.83 x 10 14 2.9 x 10~ ,Co' 1.00 X 1011 
" . 

III 6.03 x 1013 6.92 x 100 Co "4.35 ,x 1012 

IV 7.9 x 1012 ,4:22 x 100' Co' 9.36 x 1011 

V, 1.52 'X 1015 5.8, x 103 Co' 1.31 x 1011 
-

. , 

- , 

.. 

, \ 

• 
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5.1.6.2.3 The Hil'lert and Sundman Model of Solute Drag 

In more recent years, Hillert und Sundman (125) have developed a still 

more detailed approach to the solute drag force in which the integral 
, , 

dissipation offree energy due to solute diffusion within the moving boundary is 

equated to the drag. In doing so, they derived the drag force as a function of 

velocity Vas: 

(5.24) 

where d(GB - GA)/dy Îs the driving- force for interdiffusion when a solute B 

diffuses in a solvent A', GA and OB are the chemical potentials of solvent and 

solute, respectively, an4 JB = - J A are the fluxes. Furthermqre, they 

developed the followirlg, two approximate equa~ions for th,e l,ow and high ... 
velocities: 

and 

0 .. 

" . 

Il 0 
x AXB 

, P ::;: 
r 'VRTV 

m 

(5.25) 

, , 

" 

f
<JI- [ /J,oa,' 2 

D d-. dy 
_CD dy 

(5.26) 

,where XO At XO B can be identifieêl- as the", ma trÎ,x and' alloy compositions 

far from the boundary, V m IS the unit volume element and , , 

, .J dÔoGldy = d(GB - GA)/dy - RT/XA XB . dxBfdy. 

Equations 5.25 and 5:26 are similar to ~he equations proposeg by Cahn 

(Eqs. 5.19 and 5.20), but they have the following advantages: (a) they can easily 
1 

.. • 
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be applied to the whole range of compositions in a binary system; (b) they'can be 
, , ' 

applied tQ pha~e transformations as weil as to the migration. of grain "" 

boundarles in a single phasè rilà:terial; (c) they lead ta numerical estimations of 
'<.. 1" • 

the magnitude of the solute drag because the integrand is everywhere p!Jshive; 

and,(d) '~h~ analy~is t:>Tovides informàtio~ on wherèthe free energy is_~issipated, 
in the boundarY .. F~r their treatment of grain ,boundary drag, Hill~rt und 

,S\mdmàn 'chose the solute-boundary' i~teraction potential profiles shown in 

,Fig,~ 5.22. Their calcula,tions . ~ere c~rried out ,with various values for 'the 

diffusivit{' in the central region of the grain boundary relative to the bulk 

diffusiyity. The10garithm 'of thè ratio' of diffusivities was varied linearly 

through' the two 9ide regions (Zones 1 and 3) of the boundary, where the energy 

, was ~lso, ~ssumed to vary linéarly. Fi~ure 5.23 ~h~ws ~he 's~lute drag a's a 

function of~igration rate for variable diffus~vity 'and Figure 5.2~ the drag vs. 

migration rate for two different ratios together with the drag contributions 

f;àm diff~rent zone~ of the gra~n boundary, ' . 

In Figure'5',Z4., the predi~tions ~~tained fr.om the app;o~i~ate equations 

presented by Chan (broken 1i~es) can be seen. It is evident (nat this particulat 
, , ) 

, ,'. 'model9fthe bounaary le~ds ta a large ~eviation from the 'approximate relation 

on the low velocity side if the grain boundary diffusivity is-much larger than 
, ... ' 1 \ 1 

the bulk di~usivity. Since the approximate equàtions are probably accurate for 

low velocities, the results indicute that there ~s a dcv'iation from the 

proportionalit,Y between dràg and velocity even at low velocities, i.e" even at 

'low values of the drag: . Furthermore, the y a1s9' indicate ~hat the maximum 
, " t-

val,ue of the drag may be much smaller tnan .that' obt~ined from the 

approximate reladons.' This may -seri0ll:sly affect the "conditiods for the 

spontaneous transition from the low velocity to the high v~loci~~ ~egime (125). 

Thé abo.ve observatio,ns indicate that, in order to m~ke qu~ntitative predictions 

regarding solute drag, i t is necessary to know the prope'rties o'f the boundary in 
• 1 

great d~t~il, ~ type of understanding which is incompl(ite at_~he present time. 

The above analys~s have qealt with the effects of substztutLOnal solutes 

on grain boundary drag. By contrast,.we' are intci-ested'he're in the influence of 

boron, a largely interstitzal solute in iron. The development of a solute drag 

model applicable to interstitial elements (e.g. C, N, H, B, etc.) is weIl beyond the 

scope of the present investigation, which was essentia,lly experimental in 

~ature. It may also not be of primary in~erest in that it is not the effect ~f}~oron 
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~igure 5.22 Top diagram: A grain boundary model with four different zones. 

Middle diagram: Concentration profiles calculated for three migration rate~. 
Bottom diagram: The integrand in the calculation of solute drag from the 

,Q " • 

concentration profiles (125). 
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Figure 5.23 The solute drag as a functiqn of the migration rate, 

1) calculated for a variable diffusiv~ty. DGS holds in the center of the 

boundary and·D~1 holds in ,the undisturbéd crystals. 
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addition as such that i~ at issue, but rather the effect of the'jorltt addition of 

1';J"b + B. Accord~ngly, the synergistic èffect can l,le'analyzed instead in terms of 

how B addition modtfies the solute drag produced by Nb when both are present 
~ 

in combination. ,If the improv~d analysis of solute drag proposed by Hillert and 

Sundman is correct, as weIl- as, their representation of the grain boundary 
-, ' ~ 

regions (Fig. 5.22), the addition ofboron ta-steel can increase the drag in thtee 

different ways. 1) By increasing the rnatrix diffusiyity of Nb, which results in 
~ l' ; 

smaller values of the ratio DGB/DM. 2) By decreasing the gra'in boundary 

diffusivity of Nb, which again results in smaller values of DGB/DYl. ' 3) By 

simultaneously decreasirtg the grain ,boundary and increasing th,e matrix 

diffusivities of Nb. 

/ 

Ch~arly, the solute drag theory presented here can provide a useful and 

physically reasonable expfanation of how and why alloyin!5 e!ements retard 

recrystallization, and why sorne elernents are more effective than others. As 

explained above, it can eve.n throw l\ght on how boron addi tion is able to 

ÏIlfluence the retarding ability of Nb. However,' it does not explain why the 

rela.tive difference in kinetics between the Nb and Nb + B steels' depends on 

the deformation conditions; sornething which is taken up in the se~tion that 

follows. 

. ' 

5.1.6.3 pynamic or Strain Induced Segregation of Boron 

Fro.m the experirnentally determined softening curves (Figures 4.5(a)" 

4.7(a) and 4.8), it is evident that the relative difference between the softening 

curves for the Nb aI?-d Nb + B steels· changes with temperature. A good 

reference unit for the comparison of these differences is the time for 50% 

recrystallization (ta 5) for each steel. The relative difference in the kinetics of 

the Nb and Nb + B steels (after a co~st~nt predefo~ation) can be expressed as 

the ratio ofthese times (Le. to 5 (Nb + B)/to 5 (Nb». These ratios are illustrated 

in Figure 5.25 as a f\Hlction-of tem:perature for the three predeformations 

employed (i.e e = 0.12, 0.25, 0.5). It is evid~nt that the points for each' 

predefÇ>rmation follow a bell shaped curve. The amplitudes of .these curves 

change with predeformation and the largest corresponds ta a pr~deformation of 

50%. It is also apparent that, as the temperature is reduced, the synergistic 

.. 
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, 

effect peaks at higher and higher prestrains (Le. driving forces for 

recrystallization). 

The sqftening curves for the same test temperature (lOOO°C) but for 

different amounts of prestrain were present~d in Figure ,5.14. Again the 

difference in softening rate between the Nb and Nb, + B steels changes with 

prestrain. ~ecause the prestrain determines the driving force for 
, , 

. recrystallization, this set of exp~rimental results suggests that there may be a 

correlation between the velocity t?f,the recrystallizing boundaries and the 

relative difference in kinetics desèribed above. The relative difference in the 
, -

ldnetics of the Nb and Nb + B steels, expressed as the ratio of the half 

recrystaJlizatiGIl times, v.as therefore plotted versus the log of the veloclty of 

the I1]oving boundaries, as illustrated in Fig. 5.26. 

Here, the estimate of the velocity}s always based ~n the corresponding 

softening curve for the Nb steel. Ihterestingly enough; the three ,q~ll shaped 
, 

curves have the'ir peaks,at approximatèly the same velpci'ty. Such an optimum 
, , 

velocity, irnplies that the synergistic efTect is difJicult to observe if the time (of 

recrystallization) is either too short br too long. -

, T~e 'above observations, coupled with ,the autoradiog~aphic res_ults 

showing boron segregation at the recrystallizing grain boundarfes (,Figures 

4.25 and 4.26), raise the possibility thât the dynamLc or straw 'tnduced 

segregation ofboron is taking place., Such an inte'rpretati~n has already been 

employed by Watanabe et al. (42), who observed that boron segregates at~ 

moving austeilite grain boundaries, in a manner similar to that determin'ed in 

the present investigation. In their case, the sweeping action of the' boundaries 

collected the boron atoms to lead to a geometry consistent with the solute drag 

theory. Furthermo('e, they suggested that the degree of segregation of the 
, 

boron atorrrs during hot rolling is controlled by relations between 1) the matrix 

difTusivity of the boron atoms, 2) the grain bot,.lndary difTusivity of these atoms, 

and 3) the sweep velocity of the rècrystallizing grain boundaries. Before 

continuing further, it will therefore be useful to review sorne of the 
.. f' , 

experiméntal evidence conce,rning boron segregation which has been published 

in recent years. 
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5.1.6.3.1 The Mechanism of Boron Segregation 

It has been reported in the literature (45, 46, 127, 128) that' boron forms 

monovacancy complexes (at tempe ratures below 10000 e) or. divacancy 

complexes (at t9m.peratures ab ove 1000°C) and that bath species are' prese~t in .. 

the intermediate temperature region. These complexes diffuse, faster than 

single vacancies and are actually responsible for the non-eq ùilibri um 
, ' 

segregation ofboron at stationary austenite grain boundaries. This is produced . . 
by a high temperature anneal, followed by isothermal holding at a lower 

temperature, see Figure ?27. As the temperature of a sample is decreased from 

the austenitizing temperature, a number of excess vacancies is produced (this 

increases exp~nentially with the amount of cooling); the availability of the 

vacanciès leads to the formation of a number of complexes (Table 5.12), as has 

,already been discussed in par~graph 2.1.4. The complexes' carry the boron to 

the grain boundaries,. which aet as vacancy sinks, relea~ing the boron. 

Furthermore, measurements of the width of the boron depleted zones from 

autoràdiograpnic plates (128) as a funetion of quenchjng temperature and. 

cooling rate have provided values for the diffusion parameters of these 

complexes: Do -= 2.54 xJO-q, cm2/sec, Q = 21,000 cal/mole for the monovacancy 

boron complexes and Do = 0.78 x 10-2 cm2/sec and Q = 27,600 cal/mole for the 

divacancy-boron complexes. 

î 

In the case of the pre'sent experil1'!ents, prior to the application. of 

d,eformation, there is no boron segregated at the 'stationary grain bo'undaries 

(Figure 4.23). This is because of the relatively' slow cooling rates (2. to·3°C/sec} 
\ 

together with the fairly' long times needed for the stabilization of test 

,temperature (2 to 3 minutes," However, the introduction of deformation creates 

a large number of vacancies (Pv- -:- 10-~'8, where p; is the vacancy 

concentration and ,8 the deformation)' in a manner similar to the effect of 
, \ 

underçooling; it aiso provides, the driving force for tRe migration bf the 

recrystallizing grain boundaries. It can be seen from the above that the strain , . , 

induced segregation of boron can be expected to depend, not only on the, matrix , , 

and grain boundary difTusivities of the baron, but on the matrix dfff~sivities of 

the boron-complexe? as weIl. Moreover, the degree of the segregation shouid be 

influenced, not only !>y the velocity of the moving boundary, but alsp by the 

number of the boron complexes (Le. the strain). 
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.' 

Figure 5.27(a) Schematic tim~/temperature di~gr~m for isothermal heat 

treatment. (b) The ratio (ULo) as a functîon of isothermal holdi?g time at 

1000°C. L: the ~otallength of grain boundary wi th boron segrega tion revealed by 

PTA on unit area. Lo: the total length of austenite grain boundary per ". 
corresponding unit'area (127). 
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TABLE 5.12· Vacancy [V1, Complex [Cl and Boron lI1 Concentrations as 
'a Function of Solution Treatment Temperature 

Tempera.ture' 
[V] [Cl [1] 

,oC 'K x 106 x 106 je 106 
.' 

900 1'173 3.9 0.6 89.4 

1000 r1273 11.4 1.2 88.8' 

1100 1373 . 29.0 2.1 87.9 . .. 
" 1200 1473 . 64,.7 , 3.5 '86.5 " 

. 1300 1573 130.6 - '5.3 84.7 

1350 1623 180.0 6.4 . 83.6 

-' 

" 

.' . 

1 , . .. . ' 
, z 

T\ li' .- , 

.. 
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It was noted 'above that the grain boundary velocity (i.e. the 

recrystallization time) of the Nb steèl under the condition of maximum relative 

. difference betweenlthe Nb and Nb + B steels remained relatively fixed at the 

different experimental temperatures: The time!i for 80% softening (i.e. 

recr!stallization about 3/4ths com'plete) ~ere approximately 65 seconds in aIl 

the cases. The values of the difTusivity and diffusion distance were therefore 

estimated, for 65 seconds and the ,appropriate temperature; these are presented 

,in Table 5.13. The 'calc~lations show that therè is little difference in the 

diffusion dîstance over the temper~ture ,range 950 ta 1050°C. The average 

recrystallized austenite grain sizes under conditions of maximum difTerence 

between the Nb a,nd Nb ~ B steels (8 = 0.25, e = 2 s-1, test temperature 

1000°C, holding time 100 seconds) were measured to be approximately 20 pm; 

the- initial grain size in these materials was approximately 40 pm. The 

diffusion distances, as weIl as the distances travell~d by the recrystallizing 

boundaries are therefore very similar, so that the proposaI that the non-
, , 

equilibrium segregation of boron is responsible for the synergistic effect seems 

to be both physically reasonable and quantitatively acceptable. 
.. -!. ~ l 

5.1.6.3.2 Implications of the Prop,osed Strain Induced Segregation Model 

The above model of ,strain induced segregation has the poten~ial for 

providing reasonable explanatiQl1:s for s'everal important questions arising from 

the pr~sent investigation. First of aIl, the synergistic ac~ion of baron and Nb in 

reducing the recrystallization rate of hot worked austenite can be interpreted, 
, , 

as indicated above, as resulting from the influence of the segregating boron on 

the matrix and grain boundary diffusivities of the Nb. According to this 

picture, the boron 'segregates as a boron-monovacancy complex; which travels 
, ~ 

faster th an a single vacancy. Thus, during the process of recrystallization, 
, ' 

more vacanc.ies will be ava,ilablè for the ,matrix diffusion of Nb atoms in the 
, . 

~ __ regions,clQse ta the grain' ~oundaries in the Nb + B steel th an in the Nb steel. 

This is expected to re~mlt in an apparent increase in the matrix diffusivity of 

the Nb atams in, the fonner material. Furtliermore, as suggested by Herzig and 

Geise (126), the presence of even small amounts of interstitials at the grain 

b~undaries (e.g. 20 ta 10 wt. ppm) can seriously reduce the grain boundary 

diffusivity oft~e substituti0l.lal solutes which are present there. Consequently, 
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TABLE 5.13· Boron Monovacancy Complex Diffusivities and Diffusion 
Distances for 65 Second~ at 950, 1000 and 1050°C 

) 

Test Diffusivi ty of Diffusion Distance 
Temperature Boron Monovacancy 

x(}lm) for t := 65 sec - Com~lexes (OCr 
, (}lm /sec) x -VOt 

950 4.5 17.1 

1000 6.4 20.3 

1050 8.7 1 23.8 -

-
> 1 

... 

, ' 

" 
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the presence of boron at the grain boundaries can reduce the grain boundary 

diffusivity of~. The abov~ change can reduce the ratio DGBNl/DM:-.Ib, which is 

expected in turn to produce larger dtag forces when B is present. 

If this is the case, similar :5ynergistic effects should occur when boron is 

added in the presence of other"Uinflueat.ial" substitutional e'lements such à~Ti 

or Mo. Ind'eed, in a rec,ent investigation (129) of HSLA steels, it has been found 

that the comhined addition of boron aI}d Nb or boron and Ti, mises the 

" recrystallization stop temperature of y by more than the addition of any single 
, , 

alloying element. Moreove:r, as illustrated in Figure 5.28, Nb + Braises the 

recrystallization stop tempe rature more than Ti + B. By contras t, the amount 
\ 

of sohlte retardation due to the addition o~B in the absence of Nb (Figure 4.6), 

or in the presence of Nb, but when thè grain boundary velocity differs 

con~iderably from the critical one (Figures 4.7(a) and 4.8), can be readily 

Jsti~ated. In terms of the s~lute retardation parameter(SRP) given by 

~ 

SJlP(%) = log(tx/tref) (O.'1/at.% B) x 100 (130) 

this works out to be 50%. ' 

\ 

Here t" and tref are the times for 50% recrystallization (for example) in the B 

and reference steels, respectively, and the form of the expression is selected so 

that the addition levels ~'are normalized to 0.1 atomic percent. This degree of 

ret.ardation is similar to that exerten by additions of Ti and Mo (normalized to 

0.1 at.%), but is less than th'at attributablE! to Nb addition (130). The combined 

<>addition ofB and V the'refore can only lead to ~ small synergistic effect. 

. , . . 
'Two of the remaining questions raised by this investigation will now be 

~onsidëred: (i) why are there optimum c~nditions associated with maximum 

retardation? and Ùi) ~hy is the relative difference under, opÙmum conditions 

. larger when the deformation is larger? For a given grain, boundary velocity, 
) 

which is a functi,on of the temperature and pre-strain. the num~er of boron 

atoms coll,ected is a function of the diffusion parameters associated with the 

various species ofboron. When the, distance swept by a moving grain boundary 

at a sp~cific time matches the diffusion distance travelled by one of the 

diffusing species (e.g. the b~ron rponovacancy complex), the number of 
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segregated boron atoms will be at a maximum, as will the number of vacanc!es 

liberated in the grai!1 boundary region. Consequently the retardation of 

recrystallization can be expected to be at a maximum. According to the model, 

the reason why the relative differencé in recrystallization rate between the Nb 

and Nb + B steel increases with deformation (Figure 5.27) is that, at à given 

temperature, the \ vacancy concentration increases with the amount of the 

deformation (Pv ::::: 10-4 C). Larger vacancy' concentrations produce larger 

complex concentrations, which in turn increase both the boron and vacancy 

concentrations at the grain boundary. 

In the ab ove model, boron makes its presence felt by modifying the 

diffusivity of the ~'b atoms, whether at grain boundaries or in the matrix. 

However, it remains possible that there are chemical or thermodynam~c 

interactions betwee'n boron and the other elements. These could also provide 

the basis for a model that explains the experimental results of the present 

investigation. Due to the scarcity of both theoretical analyses as well as 

appropriate expe1'Ïmental results, the abov~ possibil"tie's were not explorJ~ in 

any detail in this study. 

5.1.6.4 Boron in 801id Sofution: Interstitial or Substitutional? 

An important question related to the present work is the following: what 

makes boron so special? After aIl, carbon has a similar diffusivity and also 

forms complexes and segregates to grain boundaries. Despite these 

similarities, boron and carbon are difTerent in size (dB = 1.96 Â. de = 1.83 Â) 

and electronic structure (B: 1S2 282 2Pt, C: 182 282 2P2). Although carbon is 

clearly an interstitial element in iron, there is sorne diversity of opinion as to 

whether boron forms an interstitial or a substitutional solid solution with iron 

and indeed its atomic size is borderline for both modes of solution. X-ray 

measurements of the lattice parameter of a iron indicate substitutional solid 

solution (131, 132). On the other hand, internaI friction investigations indicate 

an interstitial solid solution in Cl iron (133,134), although the latter conclusion 

is r~futed by other work (135). Sorne researchers (136, 137) have suggested that 

boron can occupy both interstitial and suhstitutional sites in a iron, and that 

suhstitutional boron atoms may interact with and be stabilized by other 
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interstitial atoms such as carbon. Diffusion investigations indicate that the 

activation energy for boron diffusion in a iron is of the ordet expected from 

substitutional solid solution (138). Identification of the sites for boron solution 

in a iron is even less positive (135), but diffusion data do indicate an activation 

energy appropriate for interstitial migration (139). The situation can become 

still more confusing at grain boundaries which are the sites of interest for us. 

However, due to the size differenc.e between the carbon and boron atoms, it 

appears possible that the carbon and boron atoms may occupy dtffer'ent lattice 

sites. If carbon occupies the interstitial sites and baron the sllbstitutional ones, 

then the boron atoms can be expected to be more effective in r;etal'ding the 

recrystallization process. The above proposai does not have any supporting 

evidence at this point and must be regarded as just an educated guess. 

Furthermore, because the experimental temperatures of this investigatiqn are 

fairly high, the differences in electronic structures between carbon and baron 

may play a reduced raIe. 

5.2 THE EFFECT OF BORON ûN DYN AMIGSTRUCTURAL CHANGE 
, , 

The metallographic examination of ral?idIy quenched samples after hot 

deformation has provided indisputable evidence for the occurrence of <;l.ynamic . . 
recrystallization (68) in metals which recoyer rather slowly during deformation 

(e.g. austenitic stee~s and Cu). Even though the dynamically recrystallized 

gr,ains are very fine (due ta the high driving force and small critical nuc1~us size 

(140», the process has only limited commercial interest, except for those 

working operations in which the unit strain is sufficiently large (e.g. extrusion 

and planetary hot rolling). Unfortunately, the fine microstructure coarsens 

appreciably unless the temperature of the material is rapidly reduced after hot 

working. Nevertheless, dynamic and static recrystallization are very similar 

processes and dynamic tests can provide qua li tative data regarding the 

, influence of microalloying elements on static recrystallization. This is of 

particular interest with respect to the recrystallization occurring between 

passes in plate or hot strip mills. 

In the present investigation, dynamic tests were conducted for the sake 

of verification and to complete the results obtained under statie conditions. 



( 

160. 

Furthermore, due to,the rapidity of the experimental method, many fewer tests 

were required to establish patterns. In this series of tests, two important 

deformation para.meters not treate~~~1he static tests, the austenitization 

tempe rature and strain rate, were eX?,ed. . '. 

5.2.1 EFFECTOFTESTTEMPERATURE ONepAND ex 

'. 
The effect of test tempe rature on the onset (e p) and duration of 

recrystallization (ex) can be seen in Figures 4.12(a) and 4.12(b), respectively, 

for the four steels tested. Recrystallization starts and finishes earlier as the 

temperature is increased. This is because both the nucleation a'nd growth of 

new grains are thermally activated processes (68). As the temperature is 

decreased, higher disiocation densities are needed to initiate recrystallization, 

so that greater amounts of strain are required to attain the peak stress (ep)' 

The lower temperature aiso increases ex b~cause of the sluggishness of the 

process. However, of greater importance, in these figures is the way in whic~ B, 
Nb and Nb + B additions influence the values of ep and ex. Evidently, single 

additions of boron have a very small retarding influence, while the combined 

addition of Nb +, B causes appreciable retardations, the amount of which 
, ' 

depends on the test temperature. 

From the above set of experiments, dynamic RTT (DRTT) diagrams can 

be readily constructed because the onset time for recrystallization (Rs) can be 

defined as 

(5.27) 

and the finishing time for recrystalli~ation (Rf) as 

(5.28) 

A comparison between DRTT (Figs. 5.29 and 5.30) and RTT (Figs. 5.18 and 

c~ 5.19) diagrams ean now be made, which reveals' con~iderable similarity in the 

general recrystallization behaviour of the four steels tested. This is in spite of 

the faet that the recr~stallization . start and finish times under dynamic and 
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Figure 5.29 Dynamic ,recrystalhzation start times (Rs) as a function of temperature 

for the four steels investigated. 
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static conditions are numerically difTerent., Although cp and ex could not 

readily he determine-cl by compression testing at 950 and 900°C, and the 
, ~--~~-- - - --

temperature condition associated with maximum l'etardation could not be 

established for the Nb and Nb + B steels, the relative difference in 

recrystallization rate hety.reen the two steels ofinterest depends. as in the static 

case, on the velocity of the recrystallizing grain boundaries. 

5.2.2 EFFEC't OF AUSTENI'I}:ZA nON TEMPERATURE ON ep AND ex 

The austenitization temperature is an important parameter in the hot 

rolling ofsteels for two main reasons: first, it determines the initial grain size of 

the material; second, if it is above the solution temperature of the precipitates 

prE'sent, it can, ensure that they are dissolved. 
(1 

The influence of aùstenitization temperature on the onset strain for 

dynamic recrystallization as well as on the recrystallization strain was 

presented in Figures 1.13(a) and 4.13(b), respectively. It is evident ftom these 

results that the critical strain irtcreases with austenitization temperature .. 

This is a weIl known phenomenon (141-143) and is related to the larger initial 

grain sizes p~oduced at the higher ausfenitization temperatures (Fig. 4.27).' If 

it is accepted that dynamic recrystallization is initiated at th~ austenite grain 

boundaries (14'1), then it is apparent that lar~er initial grain sizes make it more 
;. 

difficult to acquire a high density of nuclei, resulting in a larger strain being 

required to attairi the peak flow stress. 

Furthermp1'e, larger grains not only start to recrysta~lize later. but the 

duration of recrystallization is also longer due to the ~arger number of'necklace 

strands' or 'cascades' of recrystallization which must be generated for the 

recrystallization front to attain the grain interior (145). 

The addition of boron to the Nb steel leads to extra retardation of the 

onset and progress of recrystallization, especially at the lower temperatures. 

These observations, coupled with·\the racts presented above, again indicate that 

the effectiveness of boron in retarding grain boundary motion is rate 

dependent. 

& 
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5.2.3 EFFECT OF STRAIN RATE ON cp AND Cx 

The dependence of ep and ex on testing strain rate was illustrated in 

Figures 4.14(a) and 4.14(b), respectively. Here, as the strain rate is increased, 

cp and Cx are ohserved to increase as weIl. This is due to the fact that, at 

constant tempera ture, there i s a decrease' in the time required for 

recrystallization to hegin. As this decrease is insufficient to offset the increase 
in strain rate, there is an increase in the critical strain (144). Furthermore, the 

recrystallization strain also increases with strain rate for reasons similar to 

those described above for cp. The comparison of ep and ex for the Nb and 

Nb + B steels demonstrates that the retardation is maximum at a strain rate of 

0.1 s-l. This again indicates that the retarding effect ofboron involves a critical 

time, which cannot he very short or very long. 

AIl the observations extracted from the,dynamically tested samples show 

good agreement with the results of the static tests. They aiso support the 

validity of the strain induced boron segregation model proposed and described 

in detail in section 5.1.6.3. 
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CHAPTER6 

CONCLUSIONS 

The present investigation involved the effect of small amounts of boron 

(30 ppm) on the recrystallization behaviour of hot worked austenite in a plain C 

and a Nb steel. These tests were conducted isothermally und-er both 

inter,rupted and continuous loading conditions. Prior to testiQ.g, for "the 

interrupted experiments, the samples were austenitized at 1l00°C for 15 

minutes, after which they were prestrained to equivalent strains of 0.12,0.25 

and 0.5, unloaded for increasing times, and then reloaded for a further 

deformation of 0.25. The loading strain rate was held constant at 2 s-1 and test 

temperatùres of 900,950, 1000, 1050 and 1100°C were employed. The progress 

of recrys~allization was studied from the amounts of softening taking place 

during the unloading and isothennal holding intervals. 

For the continuous loading tests, the peak ep and recrystallization ex 

strains were taken, as measures of the onset and progress of recrYstallization. 

Austenitization and test temperatures in the range 1050 to 1250°C and 1000 to 

1100°C, 'tespectively, were employed and the strain -rates used were in the 

range 10-3 to 0.5 s-1, As a result ofthis study, and with the aid of data obtained 

from the literature, the following general conclusions were drawn: 

1. The retardation of recrystalJ,ization produced by B addition 

when added alone is equivalent to a solute ret1lrdation 

parartleter (SRP) of about 50% (normalized to 0.1 at.% B). 

This is comparable to that pro'duced by an equal atom 

fraction of Mo. 

2. The simultaneous presence of Nb and B leads to the greater 

retardation of recrystallization th an the simple sum of the 

retardatio~s produced by each solute alone. Furthermore, 

the magnitude of this syn~\rgistic effect changes with the 

deformation conditions. It is a maximum at 1050. 1000 and 

950°C for prestrains of 0.12, 0.25 and 0.5, respectively. , 

.. -
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3. 

U oder these three sets of condi tions, the velocities of the 

grain boundarie's during recrystallization in the Nb stéel , 
are approximately equal. 

The increased retarding ability of B when added in the 

presence of Nb is due ta the strain induced segregation of 

boron. This non-equilibrium effect results in the formation 

of a temporary solute atmosphere in the, vicinity of the 

moving grain boundaries. This mode of segre,gation IS 

affected by: 

i) the matrix difTusivity of the boron atoms; 

H) the grain boundary diffusivity "fthe boron atoms; 

iii) the boron-monovacancy complex difTusivity; and 

iv) the sweep velocity of the moving grain boundaries. 

4. From measure~ents on quenched samples under conditions 

of maXImum relative difference between the Nb and 

Nb + B steels, the mean distance travelled by the grai.n 

boundaries during recrystallization was determined to be 

approximately 20 pm. This distance is comparable to the 

mean distance (x - vDt) travelled by the boron

monovacancy complexes during the same time interval. 

This suggests that boron transport via these complexes 

produces the segregation responsible for maXImum 

5. 

retardation. 

Other interstitial. elements (C: r = 0.91 Â, N: r = 0.92 Â) 

could display segregating abilities similar to that of boron 

(B: r = 0.98 Â). However, due to its size, boron is at the ' 

dividing line between acting as a substitutional and as an 

interstitial solute. It may, therefor~, play a role in pàrt as a 

166. 
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substitutional, pennitting it to have a larger effect on grain. 

boundaries than C in this way. 

The synergistic interaction between Nb a.pd B can be 

rationalized in terms of the influence of boron gra.in 

boundax::y atmospheres on the grain boundary diffusivity of 

Nb (DGB~b) and consequently ,on the ratio of the grain 

boundary to matrix diffusivities of Nb (DGB~blDM~h). ' As 

suggested in the literature, even small amoun ts of 

interstitial impurities (20 to 40 ppm in the bulk) can reduc~ 

the grain bqundary diffusivity of substitutional elements 

e.g. Nb"when the former are segregated at the boundaries. 

According to the solute drag model of Hillert and Sundman, 

the reduètion in the ratio DGB)jb1'D~:--;b produced in this 

way increases the drag forces exerted by the Nb on t'he 

moving boundaries. 

Comparison of the relative differences in recrystallization 

rate under optimum segregation conditions clearly shows 

that the greatest difference corresponds to the greatest 

(50%) deformation. According to the present model, this is 
( -

due to the effect of deformation on the number of 

boron atoms transported to the boundary. Increasing 

167 . 

the deformation increases the vacancy concen tra tie-n----

(Pv = 10-4 \ e) which increases in turn the concentration of 

the boron-monovacancy complexes responsible for the 

transfer ofboron to the boundaries. 

8. By assuming that the effett of doping the base steel wi th Nb 

resembles that of doping pure iron wi th Nb, and as long as 

no precipitati~n' is taking place, the solute drag mpdel 
• 

proposed by Cahn can be applied to the present 

experimental conditions. According to this model, at high 

grain boundary velocities, the element with the highest 

grain boundary interaction energy exerts the largest. 

drag. Experimental evidence obtained on HSLA steels has 
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shown that the retarding ability of the microalloying 

elements increases in the following ascending order: 

Ni <: Cr < Mn < V < Mo < Ti < Nb. Furthermbre, 

. comparison of thé difTusivities of the above substitutional 

elements in- y.iron indicates that the strongest retarding 

species (Nb) is also the fastest one, followed by Ti, Mo, V, 
Mn, Cr, and Ni. These observatï'ons are consistent with the 

s~lute drag theory because the fastest diffusing elements 

are also those displaying the highest grain boundary 

interaction energies. Although seemingly contradictory, 

this is because both the interaction energy and the 

diffusivity increase with the extent of distortion causèd by 

introducing a particular alloying elern,ent into a metal 

matrix. 

Based on the present model for the synergistic interaction 

between Nb and B, boro~ can be predicted to display a 

synergism when accompanied by other alloying elements 

such as Ti and Mo. Howéver, the combined effects of Ti + B 
or of Mo + B are expected to be less than t,hat of Nb '+ B 

because of the weaker grain boundary interaction energies 

displayed by these elements. 

10. The pz:esent model does not exclude the possibility that 

chemical and thermodynamic interactions between Nb and 

B aiso play a role in the synergism when both of these 

elernentsare present at an austenite grain boundary. 

11. Finally, the presence of boron seems to accelerate the 

precipitation kinetics ofNbC. 

168. 
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STATEMENT OF ORIGINALITY AND CONTRIBU1'ION TO 
KNOWLEDGE 

, 

• 
The present investigation produced the following original contributions: 

1. It was shown that the single addition ofboron to a base steel ~ 

results in a measurable retardation of recrystallization. 

" The amount of this retardation is comparable to that 

produced by an equal atom fraction of Mo. 

. 2. The presence of both Nb and B was shown to result in 

retardations which are larger than the sum of the effects 

produced by the elements added separately. The amount of 

the synergism was demonstrated ta vary with the 

deformation conditions. The maximum retardations were 

1_\ 

, observed at 1050, 1000 and 950°C when the prestrains were 

0.12, 0.25 and 0.5, respectively. The present a,nalysis 

indicates that the above sets of deformation conditions 

iqIP?se approximately equal velocities on the 

recrystallizing grain boundaries in the Nb steel. 

3. The rates of recovery and, ret::rystallization under static 

holding conditions were described in terms 0) the Avrami 

equation. Separate values of the rate pa-fameter k and n 

were derived for the individual contributions of recovery 

and recrystallization. The amount of softening preceding 

recrystallization has been shown to be about 25 percent. 

Values of the time exponent n r for recovery or0.46, 0.61 and 

0.77 for predeformations of 0.12,0.25 and 0.5, respectively, 

were shown to apply to the Nb-containing mate rials. The 

rate cons tant k r was demonstrated to, de pend 0 n 

temperature, defonnation and alloy composition. -The time 
1 

exponent for recrystallization nR has been found ta be 

independent of temperature and deformat;ion with an 

average value of approximately 0.9. These parameters are 
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of considerable use in the computer. modelling of' steel 

rolling; sorne of them are presented her~ for the first time 

for such microalIoyed steels. 

4. The strain induced segregation of boron (a non-equilibrium 

phenomenon) was concluded to be responsible for the 

increased retarding ability of boron in the prisence of Nb. 

170. 

· The concentration of the segregated atoms, which forro an ' \ 

5. 

atmosphere around the moving grain boundaries. has been 

suggested to depend on the following: 

i) the matrix diffusivity of the boron atoms; 

,~ . t) 
• 11 the grain boundary d'ïfTusivity of the boron atoms; 

"" 
iii) the boron-monovacancy complex di,fTusivity; and 

.iv) the sweep velocity of the moving grain boundaries. 

, 

· From measurements on quenched samples under conditions 

of maximum relative difference between the rates of 

recrystallization in the Nb and Nb + B steels, thè mean 

distance traversed by the grain boundaries during 

· recrystallization was determined to be approximately\ 

20 pm. This distanèe is comparable to the mean distance 

, (x = VDt) travelled by the boron-monovacancy complexes 

during the same time interval. From the above 

observations, a case was made that boron transport via 

the se complexes leads te the segregation responsible for , . 
maximum retardation. 

The observation that the relative difference ln 

recrystallization rate between the Nb and Nb + B steels 

increases with deformation has been attributed here to the 

effect of deformation on the number of vacancies produced 

(Pv lO-4·e). According to the present model, more 

• 
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defonnation leads to higher va~ancy' concentration; the 

vacancies combine with baron atoms to form complexes in L 

greater concentration, which ultimately leads to mote 

boron transport to the moving boundaries. 

. 
6. It has- been suggested in the literat'lre that small amounts 

ofinterstitial impurities (e.g. 20 to 40 ppm in the bulk) can 

reduce the grain bou~dary diffusivity of substi tutional 

elements such as Nb when the former are present at grain 

boundaries. In the present investigation, the synergistic 

interaction between Nb and B has been rationalized in 

terms of the influence ofboron grain boundary atnlospheres 

on the grain boundary diffusivi ty of Nb (D'GB~b) and 

consequently on the ratio of the grain boundary to matrix 

diffusivity of Nb. According fo the solüte drag model of 

Hillert and Sundman, a decrease in the DGBNbi'DM~b ratio 

shQuld result in larger drag fot"ces being exerted by Nb on 

the recrystallizing &-rain ?oundaries. 

7. The solute drag model proposed by Cahn has been applied 

here under the assumption that the effect of doping the base 

steel with !'lb resembles that of doping pure iron with Nb. 

The predictions of this model ha '{e been shown to be 

consistent )Vith the recrystallization behaviour Qf the . 

microalloyed steels studied in this in vestiga tion. In ' 

particular, the experimen tally determi ned order of 

effectiveness of the various microalloyed elements has been 

shawn to be in very good agreement with the calculated 

magnitudes ~fthe interaction energies Eo and the observ~d 
diffusivities of the above elements. Furthermore, the order . 

," of retarding ability for seven different alloying elements 

171., 

has been demonstrated to correlate very well with the order 

of their diffusivi ties, with the fastest one ha ving the 

greatest interaction energy and therefore being the most 

effective (Nb> Ti > Mo > V > Mn > Cr > Ni). 

'. 
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180(18 . 

" HE 1-'\ T TREA H1EHT 

l """ .t:._ TEST TEMPER~rURE 
STRAIN RI-'\TE· 2 

T PRE 
Po " LI 1 013 
E 

S 
T El 813 
P. 
E 
S 
S o 60 

t s 
1'1 ~ =-
H t 
/ 0.4'3 
M 

, 
f 

" + 
'2 + 

o ZO + 

, C o alj 
o 013 2.Qe 3.00 

TRIJE STRAIN e-~l 

() 

- • 



. . 

o 

0 \ 

, 
---

~ 

, 

o· 

E 02 ~---:----------7--~;---::~; 1 ;&:('I ~A~IF'LE ft 11;:- ,- Nb 

~~&9"TRE"T~Efl~RE H88 g~ ........~~_ 

S 
T 
R 

1.00 

E tr 60 
S, 
S 

2 

E 02 
-- 1,20 

1 <DO 
T _ 
R 
li -
~ 

E 0.80 
s 
T. 
R 
E 
s 
s 
11 
~I 
/ 
f1 
A 

2 

TEST T6!'IPEI\AT .t'SEC r+ ", STRAIH RATE f ... 
PRE STRAHl . .:. . ~~ 155 

'f~LOI 

'11 

/ 1·· 1+ * 
+ + 

l 
of 

--

SRllF LE 1t1213 
1~(\~8 TREHTMalT 1100 C 

1100 C ~E~T TE!tPERRT~RE 
/SEC STRAItl RATE 1" 

PRE STRAItl ... 

--------~------~----------~N:b:+~8:-----_=::J_ 
#" ;.>1·· t/" -~ t 

Ar +; #~ - ~t 
JI +/ 

+ 1+ 
1 { 

-+ 

+ 

+ 
+ 

• • 

194 . 



, 195. 
'u 

\. 

E 02 
,2.01) 

( 
SAI'IPLE It 141 
1864A 

1'100 C 1-.80 JiEAT TREATMEHT: Base ~ TES T-' TEl'IPERATURE leeQ C 
~T~~UH RATE: ~ /SEC 

T l_60 R -·STRAIH· . 5 
P-

-rj 
1.40 E 

S 1.20 T 
p. 
E 1.~13 . S 

~ s 
O.sa 

M 
U 
/ 0.6a 
11 
.... 
2 e 413 + 

+ 
El 28 

e el3 "-

13.013 1. Olt 5 00 
, E-Ol (' 

, 1 
, 

'C 
#J 

.E 0:': 
~ ~ (II) - -

:HI'lFLE ttl?6 
18~48 

1. êü HEHT TREHTtlEtlT 11130 C 
TES T TEllPERH TURE 1 Ü(lO C 
STRA tli RATE 2 ) .-sj::c 8 r 1 ~O PRE STRf1 fi 1 .25 

P-
LI 

1.40 E 
", 035 

S ZO \ T 
Po 
E Ç)I) 

~ S 
s 

..,.J< a 80 
Il 

" + .. 
/ o €O / + 
11 ~ 1 
A .t t ... ') 4D 
~ + 

0 20 + 
+ 

C a c:J~ 
1 

c:j 00 1 2 (10 3 CIO 4 0(1 . S 00 
TRU::: ) STF~IH E-Ol 

« 
,1 -----



j- " ' 196. 
r"-- ~ , '\< 

\ E 02, ~ 
2.41) 

0 SI4~IPLE tH 46 
;, "n 186414 .... --. HEAT TREATtlE~IT 11130 C 

TEST TEMPERRTURE' 900 C 'l'1I Base 
2.00 STRAIH RATE' 2 ~ ,l'SEC 

<II' T PRE STRAItI: .25 
fi> R 1.80 

U 
E 1.613 
S 
T 1.40 
R 
E 1.213 ~ 

S 

\' S 
1.00 

f1 \ 
·H 0.80 
/ 

t-t (3 613 l, .... 
,>, .. 

2 
(3 40 + 

a 2~ * .. 
13,130 ~i 1 1 1 1 1 ï 

0 00 1 ~L) 2 1)0 3' 00 4. 00 S 00 r 
.. .T~UE STPAW E-Ol 

-..) 

0 E 02 
Z 4(\ . 

SH~IPLE ft 1 '+8 
~ 2Q 18~48 

1180( HEAT TREAH1EI1T B TEST TEIIPERATURE' , 9130 ,( 2.013, STRAIN RATE .~5 
\ ,SEC 

T 
, PRE STFi:AIII' 

R 1.80 
.1 

li 
E 

1 .613 '1 

S 
'\)T 1.40 

R 
E 1 213 
S 
S 

1.00 
f'l 
H 0.813 
/ 

• M 13 613, ;.. 

2 
(3 40 

() , e 213 
l' • 

0 o ae a.aa 1.aa 2.'30 3.0Q ",QI) ~ 00 
TRUE STRAIH E-Ol 

Il 

ft 
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(: 

APPENDIX II 
\ 

CONTINUOUSL y COMPRESSED TEST FLQW CURVES 
• Q. 

Co 
( , -

\ 

• , . 

• 

1 r." 

J 

• • 



-, 

o 

r 

...... 

o 

..... 
~ "-t. ",.... 

o. 

198 . .. . . 
'- E 01 
'~ OO~--------------------------------------------------, 

T R' ('.00 
U 
E 6,OG 
S 
T 

5 0'3 R 
E 
S 
S 4 130 

!> 

M 
H 3 oe 
" M 
2, 2.0~ 

00 

E 01 
:? 00 

8 /30 

T {' 00 R 
U 
E 

6 00 
5 
T 
R 5 00 
E 
~ 
S 4"-'3e 
r1 
H 3.00 

-
+ 
++ + 

SAMFLE ttt~E1-J20 
18n~H 
l1M C 
1100 C 
STRAIN RATE • (31 ISEC 

~+..... +4++ + + _., + 
+ .,. + +. "'" ,,..,. -r. ~ + + + t ,,", 

+*r + -t+"'i" ""'" ..... ..q.~+ iP..f*+ .... + .... + +# ... "+ ,-1-"'+ ..... * .fT +....- + 1"'~ ++ ~ ~+ 
"+ + ++ . 

" 

\ 

SAI'lPL E I*IIEI-I22 
1800S, 
1150 C 
1100 C NtJ..8 

i 'ST~I'tt RATE . et ISEC 

+ + 
+ + 

+ +.pt. + .p.o - + 
+ .++ + + + + + + + + + +" + 

+..=r + +..-l'.t #' ~+ ~ -/' +~ + +'* ... + + ~+-I" of*' ,.... 
+ ++ + 'tt... +. + + . • 

,) 

/' ....... -
M 
,.. 2 ee 

1 80 

1. (30 2:00 J 00 4 00 5 J~ ~ 00 
TRUE Si?H rt~ 

t'.00 $ Où 
E-\H 

--, 



i 
1 • 

E 01 
~ (\(\ 

C' - '8 00 

1 ri 
7.00 p ( 

, . U 
.E 

00 t. 

5 
T 

00 R S 
E 

~ S 
l' S '4 00 

"1 tl 3 GO 
/ 

" '-1 
,.. 2 ee 

,1 0'1 

ct 
Il' 

E 01 
'3 .0(\ -

9.(30 

T 7,013 R 
U 
E 

6.00 
S 
T 

5 0e ? 
E 
S 
S 4 ao 
M 
li :3 ae 
/ 

ri 
A 2 ae 
2 

1 a13 

c 

+ -

Nb 

N~8 

SA~'PLE ItllEH3 '5 
l Br00H 
1 50 C 
1050 C 

\ --

STRAItI RATE . al 

, 

SA~IPLE 

M
(l88 

150 C 
5(3 C 

STRAHI RATE • (31 

199 .. 

l'SEC 

l'SEC 

.. 

" 



0: 

" 

E O~ 
1 20 

.ft 

1. 10 

1.00 
T 
R a ~'3 u 
E 0.80 
S 
T a.7e 
p. 
E a.6e 
c;) 

S a 50 
N 
tl B 40 
/ 

M B 3e ,.. 
2 

13 28 

0.18 

~ oe e.o13 . 

E 02 

1 eo 2 80 

SAf'lPLE lU lEl-l23 

18C!3H 
150 C 

1800 C 
STRA IN RATE . el/SEC 

. Nb 

, ~ , 
l' 
'\ 

3 00 4 . 00 5 oe 
TRUE S,TRA rH 

6 QI3 7 QO 

200. 

8 00 
E-Ol 

1 :0 . ...------------------~-----_, 

t 10 

1.00 
T 
p. e 9'3 
U 
E CJ 80 

S 
T e.70 
R 
E e 6'3 
S 
5 

a.S8 
~1 
~I e.40 
/ 

H e 38 

2 e 20 

e 1(3 

SAr1PLE III1E!J24 
18(108 . 
11S0 C 
lOGO C 
SiR A HI RATE . el ISEC 

o. a~ oa Cl. ea 2 '30 3 CO 4 00 5 00, 6 ao i' 013 s· on 
TRUE' SiFH!Il E ... OI 

1 
00 ~ -

• 

..... 

• 



" 

( 

T 
R 
LI 
E 

S 
T 
R 
E ,... 
j 

S 

r'l 
Il 

, 1 
l' 

• 1-1 
" ... .:. 

é· 1.11 
.:. ül) 

.:, '. oC) 

~ OC 1" 

.; 00 

5 00 

4 GO 

3.80 

2 01) 

1 (l0 

+ 

Nf:) 

'SAt'lPLE ItIIEH2'5_ 

18 C:K'R 
100 C 

'1050 C 
STRHnr RATE .èl 

201. 

,"SEC 

1), ç.O 111 1111 III 1 1 1 1111111 1 1 1 '111"1 r 1 1 Il'' , 1 l , 'I! 11111 Il 1 t , 111111' fil Il l'II III 
- '3 00 . 1 00 ;: 0'3 3 OC) 4 01) 5 00 b on ;- 00 B 00 

2.00 

TP.UF. -:·Tf;.~ ttl E-D l 

" 

SAl'lPLE IUIE!·125 

1·îgg8c 
1050 C 
S'TRAHI RATE . el 

Nb+B 

3 00 '4.00 S ,00 b 00 
TRUE STRAIH 

/SEC 
1 

7.00 a 00 
E-Ql 

" 



o 

{) 

• 

, ~, 

. ' 

o 

o 202. 

E (\ l' 
~ ÛO ~------------------------------__________________ ~ 

T ~ 00 
R 
1) 

E· ~ no o _ 

S 
T 
R 5 oe 
E 
S 
S 4 00 

11 
Il 3 eo 
/ 

11 
" 2, ae 
2 

Nb 

SAl'lFLE tHIEtJ27 
180ÛH 
10::0 C 
1050 C 
STf;'AIH RATE .Gl~ 

o 08~~~~~~~u.~+u~~~~II~I~II~lul!~I!~!.rfuJ~I!~(u".u~~~~~~~ 

T 
P. 
U 
E 

S 
T 
R 
E ,.. 
~ 
C' ... 
tl 
~I 
/ 

t1 
A 

2 

o 00 1.00 2 130 '3 GO 4 \:Ji)' 5 00 6 CI\:- 8 00 

E 01 
~ Ch] 

'8 00 

7.00 

6.00 

5 00 

4 130 

3 00 

2'ao 

1.e8 

TRUE STr.Art~ [-(1\ 

SAMPLE 
18tJOB 
1050 C 
1050 C 
STRAIN 

IttlEtl28 

RATE .al /SEG + + 
+#,:"++++ 

+ ~ ++- + + i*\.'tI-. + + + + + _ . 
+ + .t 't;- .... ".. + ...... .. + ~ + ... 

+ or +~ + ~ rk +... + .. 't' '*'fF "'++ ... + +++ ... ++ .,-r+ * • .,+ + 
~ + + + 

," 

..IL ___ ~ ______________ _ 



( 

( 

( 

203. 

E 01 
9 00 

SAMPLE "HE~140 

8 130 l~~~Ac 
105tl C 
STRAIN RATE . el ISEC 

T ? . t'a R 
li 
E 6'.013 
S 
T s.ea R 
E 

'S 
S 4.00 

,.1 Nb 
H 3 813 
/ 

M 
'" 2 Ba 
2 

1 813 • 

E (ll 

9 00 ~------------------------------------------------~ 

'3 oe 

T 7 00 
R 
U 

E 6 00 

S 

T 5 00 p. 
E 
s 
S 4 00 

11 
H 3 00 
;' 

H 
,.. 2 ee 
2 

1.ee 

e ce e 00 

SAMflLE ltNE1·r;'s 
l~~~sc 
10513 C 
STRAIN RATE . el /SEC 

Nb+B 
? 

1 .130 2 CO 3. et) 4 00 S. (10 li. 00 ë' . 00 S .00 
"" TRUE SiRAIII E-O 1 

\ 

d 



.0 

O· 

o 

F. 02 
l 4(\ 

31) 

20 

T 1. 11) 
R 
Ij 1 00 
E 

S 
13 90 

T O.SB 
R 
E 0 70 
S 
S 13 60 

11 a SB 
Il 
/. 0 
~1 

40 

" 
2 

T 
P
LI 

'E 

e 
B 

e 
û 

E 
1 

t 

313 

2B 

le 

ü':: 
4(1 

:(1 

20 

S B 9') 

T ') 8'3 
P. • 
E e 70 s 
Se' 6rj 

1'1 a se 
Il 

~ 0 40 

'" 0 ]0 
2 

Nb 

SAt'1PLE IH ~Et-l29 
180~H 
10S0 C 
1050 C 
STRAIN RATE .1 

3 13~ 4 13~ 5 00 
TFIJE STRA HI 

SA~IPLE IH IËlno 
18(\08 
10':0 C 
1050 C 
STRA IH RATE .1 

204. 

(3 2(1 . . 

: ~: 1" Il Il " 1" , J , " " 1" " Il Il li Il 1111 Il li " Il Il • 11111 , " Il.u..L.iL..L.L.l....&...L.I...L.U..JLJ...L..1.LU..I.UJ 
Cj 80 1 00 2 (JO '3 00 4 (II) 5 Of) Il (In '1. 00 8 0(\ 

TFI.lE STF14rll E-Ol 

ft 



<: 

·c 

205. 

E 01 
~ OQ--------------~------~~------------~--~----~_, 

T 6 -00 \ 

R 
~ 5.00 

S 
T 4.00 
P. 
E 
S 
S 3.ea 

li 
I~ 

~ 2.1313 

" -
1 2 

! ~ ... 

T 
R 

1.eG 

e ee' a 813 

E Ct1 .. (II) , 

6 eo 

U '5 Ge 
E 

S 
T 4 00 
P. 

~ 
S 3 ee 
H 
H 
/"2 00 
M 

2 
130 

1. 0(3 2.1313 

+ 

3 00 

SANPLE: IHIEH'31 
180~A 
1O~0 C 
11350 C 
STRAIH RATE 1.0eaaeE-à3 /SEC 

4.80 5.00 6.(30 7.00 6.00 
TRUE STPA l Il E-Ol 

SAMPLE 1t~IEH32 

l~~58 C 
1(~5(3 C 
STRA I H RATE 1. 8eeeeE-03 /SEC 

,+ 

, 



" 

"0 

1) 

. , 

• • 

206. 

E 02 
1.50 

1.40, 
ttNEW42 

T 
t'.3B ~ 
1.20 

R ... ' 
U L10 
E 1.00 
S a.SIe T 
R a.Be 
E 
s 0.70 s 

a.Ge 
'H 
H 8.~ 
/ 
H -;0:'19 
A 

2 

T 
R-
U 
E 

S 
T 
R 
E 
S 
S 

M 
N 

" N 
,'" 

'2 

8.3e 

8.28 

a.18 

8.00 
t):ee 1,. sa 2. ae J.ee ~.ee s.ao '6.00 

TRUE STRAHI 
7.08 8 ElO 9 ee 

F. ll~ 
1 SO 

1 40 

1.~O 

1.20 

1 10 

... 1 00 

El 

... 

Nb 

SArlPLE IH lEW41 
18(1~A 
1058 C 
1050 C 
Sr~AHI RATE :5 

e 20 ' J' 
e,lO ' , . 

E-tH 

e 80 ~ Il 1 !! Il III! ! ,,! I! rlr t'II! Il Il! 1 1 1 Il Il!! III!! Il: le! 'If ! Il,,,, " IlLI 
o eo 1 . Be 2 eo 3 60 4 tm 5;30 ~o (' 00 l3 0('1 

.. TRUE Sï!='ArtI / 'E-I) 1 

'" 

," ,r\ .. ., 

" 
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APPENDIX III 

COMPUTER PROGRAMS FOR CONTINUOUS AND 
INTERRUPTED COMPRESSION TESTS. 

1 

<. 

.. 

207: 

. -



t 

o 
{ 

CNPRES -' 'NTS BASIC U(31B-B2D - -

ct 
, t o . 

20 REtl ----------------~-~-~-i----~----------~----------~--~---~~~--~-~--40 ' REt·, ~ \, . ' " 
60 REti j - A- P P E ~~ 0 l g 1·1 " 

! 80 REI"I 
100 REr'1 ----.:---- .... --~~-------.... ------- .... --..... ---... ------~-.-... ----------------------
120 REf1 
140 REM 
160 REM-
180 REl'1 
200 REt1 -

CONSTANT TRUE STRAIN RATE CONPRES_SIOH' TEST 

_ PROGRAMMED BV ARMANDO SALINAS RODRIGUE2 
-220 REM RE\.JISEO WITH THE ASSISTAt'~CE OF RICHARD BERGL'( 'OF MTS 
240 RE~1 - ,- , "\ 

• 1 

260 REr-1 ----- •. --------------:-----------... ----.---~... .......-. 
280 -DI~1 P(:me), S( 300)} X( 4(5)} S3< 3GB)J E2( 300)J P3( 3ea) 
300 QUIT 
320 FG1( e) 
348 t1St .. 1 (2) 
360 PRIUT "WOULD tr'OU·LIKE TD RECALL DATA FOR PLOTTING ? CY OR 'CR')"; 
380' IUPUT 11$ 
400. REI1 ;.--------------.-...... .......... ---------------------- la 1 

420 REM 'EXPERIMENTAL CONDITIONS " , 

440.REN -~-----------~------------~-~-~---~-----~~~---~~~~-------
463 PRIt"T IITEST l _ 0.11'; 'INPUT H$ -
488,PRIUT "MATERIAL Il; 'INPUT ~1$ 
seB PRIHT lIHEAT TREATMEHT Il j 'It-iPUT H$ 
520 PRIt4f' "TEST TEt-1PERATURE Il; '-INPUT T$ 
54e PR ItlT Il TOTAL STRA 1 Nil;" I,~~PUT E _ 
560 PRIt'lT "TRUE STRAUi, RATE ~ 1/SEC) Il j 'It~PUT El. 
580 PRIt-4T "STROKE RAt-1GE (Mt1)1I; '-It~PUT f<!1 
600 PR J t IT Il LOAD RAHGE < LBS) Il.i '- INPUT R2 
62e PR ItIT "SPECIt1Etl HEIGHT (Mt1)" J'INPUT LO 

" 

/l/'\ , J 

t 

~ 

N 
o 
CD . 

, 



... 

-~ 
• 

" 

~ 
Il 

640 PRIHT "SPEC IMEH DI Af'tETER (~1t-1)1I; 'IHPUT De 
660 AO=PI*OO,'2,'4 -
680 T=E/El'~=2047/Rl'K1=2047/R2 , 
;'00 IF Il $( 11\"" THEH 820 ) 
720 GQSUB '4340 

J ~ 

740 GO ro 2380 - \ " 
760 REN --------~----~-------------------------------~~~----~----~------
780 REt! CALCULA TE FUHCTIOH GEHERATOR PARAMETERS . 
800 RE~1 ------:- ..... -------............ --........ ------...... ---'-------------.. ---..... ------...... ------.... 
l' , 

820 IF T)2B0 ;THEN 980 
840 tt=2C1{3 
860 IF \T>=100 THEH 10a0 
880· 1 F T )=50 THEt~ 1020' 
900' IF T>=10 THEH 1040 
920 IF T>=5 THEil 960 
930 IF 1>=1 THEN 94B 
940 R=100"-A4=o'-~t=lea'GO TO 1069 
960 R=50'A4=1'GO TO 1860 1 

980 U=400'R=1'A4=7'GO TO 1060' 
looe R=5'A4=S,GO rD 1868 
1020. R=la'A4=~'GO' TO 1860 
1040 R=20'A4=2 . 
1060 >« 1 )=4 095tN/T /R/2 
1080 'J=T 
1100 Y=10 . 

... \ 
\ \ ... 

~ 

1( 

:f~~ ~~~IHT~9!~~5~ __ -_---_-------_---_--------------_~ ________________ _ 
1160 REt1 - SET UP THE SYSTEM ' ' 
1180 RE1'1 ---------------------------------...,---7-~-----.... _--------------:-------
1209 CHTR(3)'-MSW1(2),FG1<e) -. . 
1220 PRutr "CHECK THE FOLLOWI~~G 1 "'PRINT 
1240 PRUtT "OC ERROR IS (3" , 
1260 PRH~T "REMOTE/LOCAL Sl-HTCH TO REf'10TE" 
1288 PRIttT i'SPAH 1 IS AT ZERO" ~ 
1300 PRlttT "STROKE COHTROL ""PRIHT 

; \ \ 

.... 

~ o 
co 

f 



, . 

/~ 

ô t ._~ ..., o 
c 

1320 PRINT "PRESS RETURN TO 'CONTIHUE" J ,ItiPUT F$\PRIHT 
1340 PR 1 ~~T Il TURN OH THE> HVORAUL l CS Il 'PR l HT 
1360 PRIUT IISET 'SPAN l' TO 10 11 

; 

138ù .PRINT )"PRIt~T "PRESS RETUR~~ TD CO~~TINUEII; 'It~PUT F$'\PRIHT 1400 REt1------~--------~------------~~---------~--~---~~~--~-----~~--~-~ 
tj~g ~~n---------7-----~--~~~~:..~~~CK--.:------------------____ ~ ____ .. ----
1460 EOt'lP 
1480 SONP< 1, A )'IF A={3 THEN 1620 . 

... 1500 PRINT "DUNP CARO PROBLEt'1. UNABLE TD FINISH TEST. n 

1520 PRIUT 'PRINT "TUR~~ OFF THE HYDRAULICS. w. 
1540 STOP 1560 REM _______________________ ~ __________ ~ ________________________ ~o 

1580 REM EXPERIMENT STARTS J 

1600 REt-1 -------- ---------:..-------... ---------.... ----... ---... -------- -
1620 PR H~T ".1 S THE PI STOH IN THE RI GHT POS 1 T 1 ON 1'11 $ '-IHPUT ~2.$ , 
1640 IF A2$( uyu'> THEH 1620 , ') 

1660 OACQ(O,Sl,2,O) 
1688 FOR 1::2 TD t-4+2 -
1700 X( I)-K*Le*<EXP<-E*<I-2)/N)-1)+Sl+.5'HEXT 1 
172e X;;N+2 . u ~ 
1740 TINE(Y,E9),DACQ(3~p~eJU),DACQ(6~S~2~2) 
1760 FGl(XJ1,7,A4)'STAR 
1780 IF P(=60 THEN 1780 
lBoe QUIT(1)'P=61'S=P 
1823 TIME(Y2,ES)'STAR 
1848 BUF1( 2 )'IF 2)-1 THE~' 1840 
186e OU 1 T ,_ .' \ 

.. 

1880 REr1 --------------- EXPERIMENT IS FINISHED -----------------------
1geB DACQ(B,S4,2,0) f 

19-20 REt1 -------------- RETURt~ PISTON TO INITIAL POSITION --------------
1940 FOR 1::54 TO e . 
1960 FGl ( 1 ) 
1986 t!EXT 1 
20f10 PR 1 HT fi VOU CAH TURH OFF THE HYORAUL 1 CS NOI~" .. 
\ 

~ ... 

( -.. --

3 

li:) -p 



l 
~" 

" 

l' 

~ ~ ~ 

v 

2020 PRINT "HIT A 'CR t l~HEH READY".I 'IHPUT C$ 

jgig !~~~~~~~:~~~~~~~~~~~~_~~~~~~:~_~H~_~:::_:~~~~~:~:_~~______________ ' 
21 (\(\ REH 1STORING EXPERI~lE~tTAL dATA OH A FLOPPY OISK 
2120 REN --------------------------------------------------------------
2140 FOR I=P+2 TO 3 STEP -!'P(!)=PCI-2)'NEXT 1 
2160 P( 1 )=P'P(2)=Sl'P=P+2 
2180 OPEt~ "DX1; "SJt$ FOR OUTPUT AS FILE tt1, 

'2200 AOUT(P~1~O}E4) 
2220 AOUT(S~1,1,E5) 
~2240 CLOSE 1*1 
2260 REr-1 -------------------------------------.... -----------~----,-------, 
2280 REM CALCUlATE TRUE STRESS , TRUE STRAIH 
2300 REf'1 ----------------------------;-----.::.------:..-
2320 PR !tll liDO YQU l~At~T TD MAKE A CORRECTro~. FOR MACHINE COMPLIAHCE 7 11 

2340 Jt IPUT G$ --
2160 IF Gi="HO" THEN 2700 
2180 U=O 
2400 FOR 1=1 TO P 
242e L=ABS(P(1»l9.81/Kl/1eeB/2.2B46 

'2440 Ll=6.58968E-05*L A 2-.0164243*L 
2460 L2=(s<î)-Sl)/K 
2488 L3=L0+L2-Ll 
2500 E2(I)=~LOG(L3/L~) 
2520 S](!);10BetL*L3/A0YLB 
2540 PR ItIT 1) S3( 1 ») E2( 1 ) 
2560 IF U<S3(I) THEH Û=S3(I) 
2580 tŒgr 1 
2600 PR ft IT "MAX. STRESS ,; .. U 
2620 PR !tIr "EtfTER t1AX. STRESS LElJEL FOR SC AL Il; 'INPUT U 
2640 PR It~T "E~~TER STRESS AHO StRAIN I~~CRE~lEHTSJ!:. 'INPUT 21 .. 22 
2660 Pf?lJlT tlEHTER 20 STRESS It~CREf'1EHT" .. 'It~PUT 23 
2680 GO TO 2780 
2700 GOSUB 4540 ) 
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2710 to TO 2640 

t;) o 
2?20 RE~l ----------~--------------~-~---~----~------------~-----------
2~40 REM PLOT TRUE STRESS US. TRUE STRAIH 
2(60 RE~I ---------------------------~~-~----~~----~~~~-~-~--~-~~~----~-
2.00 CHTR( 3 )'CNTR( e )'PHYL( t00 .. 900.1 8B .• 700) 
2800 SCHL( 0" 0 .. E, 0, U )'CNTR( 2 )'PLOT( 01 0') 

2820 LABL( IITRUE STRAIH" J IITRUE STRESS ~\N/t·t·'2" J 22 .. 21.11 ) 
2840 LABL( Il "} Il ".,.01.> 23.,3 )'CNTR( )'PLOT( 0 .. B ) . 
2860 PLOT(E,0)'PLOT(EIU),PLOT({)J 'PLOT(OJ0)'CHTR<1.) 
2880 COt'1~1( Il SA~lPLE ; # Il J • 5*E ... 96*U ),p t~T ~~$ 
29(\0 COt1~1( N$} . 5*E J • 93*U ),COMM< Hi, .5* J. 9*U ) 
292B COHt-1( T$, . 5*E ... 8?*U )'COMt1( IISTRAI~~ RATE" J .5*EI . 83*U) 
2940 PR 1 UT El 'COr·1t1( Il /SEC" J • 9*E 1 • 83*U )'CHTR( 2 ) 
2960 PLOT< 0) e )'CHTR< 0) 
2980 FOR 1:: 1 to P't1ARK( Il +" ) E2< 1 )} S3( 1 ) )'-NEXT 1 
3{)00 CHTR(2)'-IHPUT F$'-CHTR(3) 
302.0 'PRINT "WAS THE STRESS LEUEL OK. ? ";'INPUT J$ 
304e IF J$( uY" tHEt~ 2620 

1 

.. 

306f? C~lTR( 3 ), \"'_ 
308û REt·1 -;--------------------_. ..:--~ ... ---------... ---------------------------
310'1 REt1 . PLOT IHITtAL YIELO. REGlot~ , ~ 
3120 REN --------~-------------~----~-------------~-~--~--~----~~ .. ,. J 

3140 PR 1 HT li It~rT 1 AL VIELD RË~IOH"_ .; - _. , 
316B PR It IT :. '" ' 
31S0,PRIHT t1EHTER MAX. STRESS.LEUEL FOR SCAL";'IHPUT U 
3200 PRH~T "EHTER MAX. STRAIN FOR SCAL II

; 'IHPUT ES 
3220 PR IllT IIEUIER STRAIN I~tCREMENTJI J '-INPUT 24 , 
3240 PR BIT "EtHER 20 STRAIH IHCREMENT" J '-INPUT 25 

. 3260 ctHR( 3)/ ' 
32S8.CHTR(B),-PHYL<100,900,80J700) 
33B0 SCAL( BI 0~ E5~ 0~ U )'Cr~TR( 2 )"PLOT( ()) 0) 
3320 LfiBL< "TRUE STRAi~111) IITRUE STRESS t'lH/~""2", 24 .• 21} 1) 
3340 LA8L..(" ~I;) Il Il J 25, 23) 3 )'CHTR< B ),-PLOT( 0) et )'-PLOT( O .• -U ) 
336e PLOT(EIU)'PLOTfEJ(3)'PLOT(O;B),CHTR<1) 
. 3380 ÇOl1f1( Il ItUTIAL YIELD REGIO~~JI,I E5/2 ... ,.96*U) 
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3400 COr-t~1( "SANPLE 4*'1) ES .... 2) . 92lU ~'F'RIHT H$,C~~TR(:::) 
3420 PLOT( ole ~,ct lTR{ e ) 
3440 FOR 1=1 TO'-P'~tARK< "+", E2( l ),1 S3< 1 ) )',NEXT 1 ~ 
3460 CtnR( 2 )'IHPUT F$\.CNTR( 3 )',ctlTR( 1 ) 
3480 PRIt'T Jll~AS THE PLOT O~. ?",'I~tpUT H$ 
3500 1 F H$, "Y" THEt~ 3180 

,.... 

~ 

3520 REf'l --_------------------..,.-~---------- .... ----... - .... ------...... ----.......... ---.,..---~.-.---
, 3540 REf'1 .. PLOT. TRUE STRAIt~ US. TIME . _ 

356e RE~1 --' ------------------~-----------------------~-~------~---------
3580 U:::T' . ' 
3600 Ct ITR( 3 )'CNTR( (3 )'PHYL( 100) 900, 8B J 70e ) , 
3620 SCAL(eAe/r~a.E)'CHTR(2)'PLOT(e,e) 
3640 LABL(lITIME"J"TRUE STRAIN")T/10 ... 1Jl) 
3663 CtITR(0)'PLOT(OJ(})\.PLOT(TJ0)'PLOT.<T)Ej'PLOT<8,E) 
3688 PLOT(O,0)'CHTR<O)'A8=0. 
3700 FOR 1=1 TO 60 , 
372B A8=A8+l)/1 OOO'MÂRK( Il ... ,AS} E2( 1 ) ),NEXT l 
3740 FOR J=61 TD P>A8=A8+9*lJ/100B "\r-
376'1 HARJ«(u:",A8,E2(I»\.HEXT 1 

. 3780 CHTR( 1 }\.CONM( Î1STRAI~~--TIMEII, . 6*T ... 96*E) 
3800 COI'1N( "SA1'lPLE tt Il 1 • 6*T J • 92*E )'PRIHT Ni-

\ . 

3820 REI1 --~~--~----------------~---~-~----~------~-~~-~- --~--
3840 REI1 PLOT·-LOAO US. TIME, q1 
3860 REJ1 -------------------~----~-----------~ -~--~~~--- ~--~~ 
3880 CHTR( 2 ), 1 HPUT F$'CHTR( 3 )'CHTR( 1 )' . 
3908 PF:IHT "E~nER ESTIMATED LOAD LEUEL IN LB FOR SCAL u ."IHPUT F 
3920 CtHR( 3 ),CttTR( a )'PHYL( 1'30 .. 900 .. 80 .. 70B) 
3940 SCAL( 0 .. B; T l'BIF )'CHTR( 2 ~'PLOT( 0, e) 
396B LABL("TIME","LDAD"}T/lfLF/20)1) , 
3980 dfTR(0),PLOTCB,0)'PLOT(T .. 0)'PLOT(O,B) 

·40Bé PLOTC0,F)'PLOT(B,0) 
4020 ct HR( (3 )"-A8=0 
4040 FOR 1=1 TG 60 
/4060 -H8=A8+l)/10Ç1B<P3( 1 )=ABS( P< l »/Ki-
4080· f1HR~« Il. "J'AS, P3<î »\.NEX.T 1. 
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~ A \ _ . ., .,;~t '0 
4100, FOR 1=61 ~O P'A8=A8+9*U/l000 
4120 P3<. 1 )=ABS<. P( 1 ) ),' K 1 'MARKC Il • Il,, A8/'P·3( l ), )'~tEXT 1 

" 
414 Ù CHTR( 1 )',COt-l~1( IILOAO-T 1 ~1E Il,, : ?*T" , 96*F ) , " 
4160 cor-H-t( IISAl'lPLE ij II) ~ 7*T J • 9'2*F ),PRlt-n t~$ 
-l180 Ct HR( 2 ~'I ttPUT F$'CHTR( 3 )'CttTRt 1 ) ~ 

4200 PR-It~T Ill-JAS THE LOAD LEUEL RIGHT ?"; ,HlPUT l~$ 
4220 IF 1·1$< \l'a) \1 'THEt ~ GO TO 3'900 
'l240 CtlTR(3) 
4260 STOP 
4280 REr'1 ---------------------------------------.... ----... - ... -..-'-'---.-.------~---
4300 REM RECALL PRElJ!OUS TEST DATA FOR PLOTTING-
4320 REI·1 -------------....---... --------..... -------... --... ----~ce--..,---.!J ... :...---... -..:. ....... _-~---
434 0 OPEt~ Il D~<l ' Il s.t U;· FOR 1 NPUT AS, FILE tf 1 

-436B AIt~P(PJ 1)B.E6) , 
4380 P=P(1)'Sl=P(2)\P=P-2 , 
4400 FOR 1 =1 Ta p,p< 1 )=P( 1 +2 )'HEXT 1 -
4420 AIHP(S,,1,1 .. E7) 
4,'40 CLOSE lU 
4460 RETUR~~ 

- -

<J' ~ 

4480 REM -----------~--------------------~-~~---~-----~~~--~~-------
45eo REt1 
4520 REf1 ~--------~-_ .. --------- ... ---........ - ... -----.-. ..... ----.... ~-----~ ----
454B u=o 
4568 FOR 1=1 TD P 
4580 Ll=LO+< S< 1 ):....S1 )/K 
46GB S3(I)=9.Bl:tABS(P<I»*Ll/2.2046/AG/Kl/L0 
4620 E2(I)=-LOG(Ll/L0) 
4640 1 F U(S3( 1) THEt~ 'U=S3C l ) 
4660 ttEXT l " 
46BO FOR 1=1 TD P 
4700 PRItH 1" S3( 1 ») E2( 1 ) 
4720 tlEi<T 1 -
4740 PRIt4T,IIMAX. 'STRESS III~U 
476e PRIt~T "EttrER STRESS LEl)EL FOR'SCALII'INPUT U 
4 78e RETURt~ '" 

. " 
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STATC MTS BASIC U61B-0ZD .. 

10 REM-----~~-------------~-----~-~-----~--------------~---~--~---------
1 H TER ... 

/ ' 
20 REf'1 
30 REl'1 
40 REN 
5CJ ,REt1 
60 RE~1 
-70 REN 
BO' REN 
8S-REH 
90 -REt'1 

THIS PROGRAM ~ROUIOES REAL TIME CotrrROL AND DATA~ 
ACQUISiTIO~.1 UIA AN t'lTS 433 HAROl·IARE I~tTERFACE UJJIT, 
FOR COtlSTAHT TRUE STRAIN RATE IHTERRUPTEO COMPRË~S,IOH TESTIHG 
OU AH ~lTS CLOSEO-LOOP ELECTROHYDRAULIC MATERIAL TE$TIHG SYSTEf1. 

PROGRAt'1MEO BY ALFRED A. MACCH 1 ONE. , -
REtJISED WITH THE ASSISTANCE- OF RICHARD BERGLY OF MTS. 

~ 95 RE'·I----...... ------------------;------... ---............----... --~ .... -.,.-----.............. -----... ---. ......... --.------
120 COMt1oti H~, ~1$) H$) T$) P, E .. Et) R1 .. R2" R3, LB> De) AB .. Tl) T2) T3 .. T 
130 COt1t10H Pl, P2 .. P3, P6, Si J 57 .. Yl J Y2, U2, B( 610)) C( 618) 
t 50 001 X( 61 a ») Y( 61 a ), Z< 61 a ) , 
t 6(1- 01 H BI ( 2B0 ») B2< 21 e ) J B3( 15(3 ) .. Cl ( 20(3 )} C2( 210), C3( 150) 
t 80 REf1------------------------ ----------------------
1 90 REt-I ,} HPUT TEST COHO 1 TI ONS 
200 REM ~~~~-~-~- -------~~~-------~--~~~-----

'210 C~ITR( 3 )'PRI~4T "SAMPLE HUMBER "'INPUT ~I$ 
220 PR 1 ~4T al HATER 1 AL Il, 1 NPUT M$ 
230 PRIHT uHEAT TREATMEHT "'INPut H$ 

-2413 PRU~T "TEST TEt1PERATURE n'INPut T$ " , 
25a PRItJT "PRE-STRAIH u'INPUT P 
260 PRII~T "TOTAL STRAIH u'INPUT e: 
273 PRI~lr "TRUE STRAIN RATE (l/SEC) Il'INPUT Et, 
280 PRIt~T uSTROKE -RAt~GE- (MN) u'IHPUT R1 
29a:PRItjT "LOAO)f?AttGE <KN,) IJ'INPUT R3'R2=R3/4.4482*10ea 
300 1 PR 1 t tt Il SPEC 1 t1E~1 HE 1 GHT (MM) Il',1 NPUT LB _ 
310 PR 1 Hl "SPEC 1 ME~j DI At-1ETER (t'lM) ", INPUT oe " 
320 PRIttT "HOLOltJG TIME DURING IHTERRUPTIO~~ (SEC) "'INPUT T2 ,. 
33a PRIttT ·"STROKE OFFSET OURIttG ItHERRUPJIO~~ (NACH'INE UNITS)"'IHPUT S? 

-

--" 
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34ff CtlTR(3)'HSt~1(2)',FG1«(3), ~ 
350 PRlt~T "CHECl-.. THE FOLLOl·lIt~G: "",-PRIHT 
3t30 PRIHT "OC ERROR IS 0" -
370 PRltfT lIRE~10TE/LOCAL SWITCH TO RENOTE" 
'380 PRItIT nSPAt~ 1 15 AT ZERO It 

39(1 PRIt~T "STRO~E COtlTROL"'PRIHT 
400 PRH~T "PRESS RETURN TO COtlTIt~UEII.i 'IHPUT F$'PRINT 
410 PRlt~T- IITURN OH THE HVDRAULICSII'PRIHT -
420 PRI~IT "SET \ 1 SPAN l' TO 10" - _ -

• 

430 PRIttT 'PRI,HT "PRESS RETUR~~ TO CONTrNUElJj'It~~UT F$'PRIHT -
440 REr·l-------------------..... -----------------------~-------,... .. --------
450 REt1', , ,DUMP CHECK' 
"60 REt·t------ - ----------------... -~--- .... ---..-.-.... --------..-.-.----.... ~ ... .-' ... 
470 EONP'SOHP( 11 A)', 1 F A=0 THEH 530 
480 PR 1 UT U DUN? CARO PROBLEM. UttABLE TO FIN 1 SH TEST. Il 

. 490 PRIUT 'PRIt4T uTURN OFF THE HYDR~lCS ... ,STOP , 
530 ~ REt1-----~--------.:;.-------------..-...... --... - .... -~ .... --,,-··-;'......-.-:------· -------
510 REt1 AUTOMATIC POSITIONING OF PISTON 
520 .REr1 --------------------------------.. ----. 
530 OUIT'B:0'C:a'Bl=0'B2=0'B3=e'Cl=3'C2=0'C3=0'CHTR(3) 
540 OACQ( el QI Je" e )'DACQ( el S1 J 21 e) . 
550 PRIUT "THE PISTON IS.AT "51" MACHINE UNITS" 
560 PRIHT "THEgLOAD OH THE SAMPLE IS "Ql"- MACHINE UNITS" 
570 PRH-JT "DO VOU WISH TO POSITION THE PISTON AUTOMATICALLV Il 

580 It4PUT F$"-IF F$=uYES" THEN 610 . 
590 PRIHT "PRESS RETURti WHEN PISTON 18 IN THE PROPER POSITI,OHIt 
600 IttPUT F$'-GO TO 660 
610 FOR 1=1 TO 2047 
620 IF 1> 1500 THEt~ STOP _ 

.630 I2=Sl-I'~Gl(I2)'OACQ(e}Q1JOJe)' 
640 IF Q1(=-4 THEH 660 
650 ttEXT l 
669 OACQ(B"Ql,0/0),OACQC0,Sl)2;O) 
670- PRIHT "THE PISTOH IS AT 1151 11 MACHIHE Ut~ITSII 
,680 PRIt~T "THE LOAO' ON THE SAt'1PLE IS "Ql jl ~lACHIHE UNITS"'PRIHT 

4. 
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b90 REM------------~-----------~---~--~------~~--~----~~~------~--~-----
700 REM COMPUTE TEST PARAMETERS 
710 REtl----~------------------------------------------------------------
~20 Tl=P/El'REM-CALCULATE' OURATION OF PRE-STRAr~t AND RESUMED TEST 
73D T3=LOG(E~P,-E-P)+S?*Rl/204?*EXP(E)""L0)"'El'T=Tl+T3 
740 Aû;PI:t( DO ... 2 )"2'N=IHT( T*100 )'R=100'A4=0 
{50 l'Il =ItIT( p/( El *T )*N )'N3=t~-~H 
760 IF 12(10000 THEH 780 
770 tl2=600'R5= 1 'A3=7 ' 
(SO IF T2<1000 THEN aee 
790 t 12=400'R5= l 'A3=7'GO TO 890 
800 IF T2<100 THEH 820 . 
810 U2=90'-R5=1'A3=7"GO TO 890 
B20 IF T2<10 THEU 840 
838 tl2=5'-R5=1'-A3=7'GO TO 89a 
840 IF T2<1 THEtI 860 
850 t .2=2',R5;::20"-A3::;2'GO TO 890 

. 860 IF T2<. 1 THEH saB 
8re U2=2'\R5=50"A3=1'GO TO 890 
880 t 12= 1 'RS= 1 00"A3=0 
890 g(1)=IUT(2047tNl/(TltR)+.S)'X=Nl+1 
900 Y(l )=rUT(2047*N2/(T2*R5)+.5)'Y~N2+1 
91 (} Z<- t )= IUT( 2047*~~3/( T3*R)+. 5 )'2=1'43+1 
928 FOR 1=2 TD Nl+1 " 
930 X(!)=2047/Rl*Le*(EXP(-P*<!-1)/Nl)-1)+Sl'HEXT 1 
940 12=X(tlt+,1 )+57 
95'3 FOR I=2'TO H2+1 
960 \(( J )==X( H 1 + 1 )+S7.'HEXT 1 
97B,Ml=2047/Rl*LBi(EXP(-P)-1)+S7 
980 FOR 1=2 TD t~3+1 
990 ztI)=(2047/Rl*Le*EXP(-P)+S7)*(EXP«-El*T+P)*<!-1)/H3)-l)+Sl+Nl 
180B tJEXT 1 
tOI (1" '1.1\= ItIT( E/E 1 *40+.5) , 
1028 IF T2) 0 2 THEt~ GO TO 1040 
183B '(2= 1 B'.lJ2= l'GO TO 131 e 

l' 

.' 
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1040 IF T2).5 THËN GO TO 1060 
1050 \'2=25'-U2= l ',GO TO 131 e . 
1060 IF T2>1 THEtl GO TO ,1080 
lO~O Y3~50'-U2=1'-GO TO 1310 
1[\80 IF T2'>2 THEH GO TO 11ea 
109ü Y2=100'-U2=1'-GO TO 1310 
1100 IF T2)4' THEN GO TO 1120 
1110 Y2=200'-U2=1'GO TO 1310 
1120 IF T2)8 THEH GO TO 1140 
1130 Y2=400'-U2=1'GO TO 1310 
1140 IF T2>16 THEtI 'GO TD 1160 
1150 Y2=800'U2=1'-GO TO 1310 
1160 IF T2)32 GO TD 11S0 ' 
1170 Y2=16BO,U2=1'Gd TO 131e 
1180 IF T2)64 GO TO 12ee 
1190 Y2=16e3'U2=2'GO-TO 1310 
1290 IF'T2>128 THEN GO TO 122a' 
t2tO Y2=1600'U2=4'GO T,O 1310 
1220 IF T2)256 GO TD 1243 
123e Y2=16eO'U2=8'GD TO 1310 
1243 IF T2)512 GO TO 1260 
1250 Y2=16BO'U2=16'GO TO 1310 
126e IF T2)1924 THEH GO TO 1280 
1270 Y2=16Ba~U2=32'-GO TO 1310 

t:;' ' 

128e IF T2)1008a THEt~ GO TO 1300 
1290 Y2=1600,-U2=300,GO TO 1310 

"\ 

1300 Y2=1600'U2=320B ',' 

o 

/ 

,'1 

i . - , 

1310 RE'1-----------------~-~----~---~----~--~~~~~~~-~-~----~----~~~-~ 
1323 REN . COMPRESS 1 ON TEST e " 

1330 REf1-----------------7------~----------~---~-~-----------------------
i 340 PR IUT "PRESS RETURN TO BEGIN COMPRESSION TEST"'I~tPUT F$ 
1350 TIr1E( Y1 .. E9 ),-OHCQ( 3 .. 81,. 0, 1 )'-DACQ( 6 .. C1 .. 2 .. 2) " 
1360 FG1(X .. 1 .. 7/A4)'STAR 

- 1370 BUF1( 24 )'-IF 24>-1 GO TO 1370 
1 J80 FG 1 ( 1 2 ) 

'
" 
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1385 BUFl(2~)'I~ Z~>-l·GO TO 1385 
1.39Ù 'OUI T'Pl=Bl 

~ 

1400 TI NE( Y2 ,ES .... 'DACQ( 3-J B2J BJ U2 )'OACQ( 6., C~ _,2 .. 2) 
14lû FGl( Vot 1.t ('. A'3 )'STAR . 

. 1420 BUF1( ~5 J'IF 25'>-1 GO TO 1420 
1430 QUIT'P2=B2 
1~40 TIME(YIJE7)'DACQ(3,83J0 .. 1)'DACQ(6JC3J2 .. 2) 

. 1450 FG1(~,1/7!A4)'STAR . 
1460 BUF1(Z6),lF 26)-1 GO TO 1460 
14?0 QUIT'P3=B3 
1480,FOR 1=84 TO O,FG1(!)'NEXT l 
149a P6:::P t -+P2+P3'.-CtlTR( 3) . 
1500' PRItJT "TEST TERHINATEO"'PRIHT 
1510 PRIUT. "TURtI OFF THE HYORAULICS" 

~ 

, 

1520 RElr'----------I.-.. --"""" ...... ----.... -.-.- .... ---------..... -~-- .... - .... - ... ------... --------... ~,....-.-. 
1530 REt-1 OUTPUT EXPERIMENTAL COHOIT.IOHS 
1540 REr,1--------------......-~-.-_------~--------.... -- ---------- E' 

15'50 PRltlT "PRESS RETURH FOR OUTPUT"'INPUT F$'CHTR(3) 
156B PRI~lT Il IHTERRUPTED COl'1PRESSIOH TESTING"'PRIHT 
1570 'PRltIT "SAMPLE HUMBER: "H$" Il 
1580 PRIUT "f-1ATERIAL: "M$ItU 
1590 PRIUT "HEAT TREATME~IT. .IIH$UU 
1600. PRIHT "TEST TENPERATURE: .ItT$"la'PRIHT 
1610 PRIUT uTRUE STRAIH RATE:~IEln l/SEC II 

1620 PRIHT "PRE-STRAltj: "PIlIl 
1630 PRHIT "TOTAL STRAINl "Euil 
1640 PRIt!T "TOTAL DEFORMATION TIME: "T" 'SECOND( S)U 
'1658 PRftlT uItITERRUPTlot~ TIMEl IIT2 11 SECONO(S)'h,PRIHT 
1660 PRItIT "STROKE OFFSET'DURING I~fTERRUPTI0NI at'S7" MACHINE UHIT(S)" 
1670 PRItlT "RATE OF DATA ACQUISITION" ~ 
16B0 PRUtT" DURIHG LOAOIHG: . IIY1" TENTHS MSEC II 

1690 PRItIT Il DURING INTERRUPT: "~/2" TEHTH~ HSEC" , 
1 700 PR It Il Il ~1UL TI PLES OF 1\ ~12" " 
1 710 PR II tT Il STROKE RAHGE 1 Il R 111 Mt1" 
1720 PRItIT "LOAO RAHGE: "R3 u ~HII'PRI~tT 

. 1 
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1;'3(3 PRINT "SPECINEH HEIGHT: IILO II HN II 

1~40 PRIttT "SPECIHEH DIH~1ETERI liDO" ~1~,1t 

" 

,1750 PRIHT "SPECI~IEt~ CROSS-SECTIOt-fAL AREA: '~A0" SQUARE Mt1"'PRIHT 
1 (60 PR 1 t fT "" t t 111 LEt IELS' FOR FUNer 1 ot~ 'GENERAT ION OUR 1 t~G PRE -STRA 1 H" 

o " 

1 ~70 FRUIT .. \lt~3" LE~JELS FOR FUHCTIOt~ 'GEt~ERATIOH OURItIG RESUI1PTIOtll( : 
-. 1-;'80 PRlt~T ""112" LEliELCS) -FOR FUt4CTION GE~{ERATIOH DURIttG ItITERRUPTIOU Il 

1 ;'90 PR l HT "FREQUEHC.)' RAHGE OUR 1 HG It~TERRUPT 1 Ott: 1\ R5" HZ" "".PRI HT 
1800 PRHIT "DATA POI~nS DURIHG PRE-STRA.IH AHO UNLOADING: "Pl" Il 

1810 PRltjT 1I0ATA POI~nS DURIt~G INTERRUPTION: "P2" Il , 

1820 PR H~T "DliTA POIHTS DURING RESUNPTIO~j: IIp3" II\.CHTR( 4 )'CNTR( 3) 
, 1830 FOR 1 = 1 ra Pl 'B( 1 )=81 ( 'l')\.C( 1 )=C-1 ( 1 )'NEXr- 1 

1840 FOR 1=1 TO P2'8(I+Pl)=B2(1)'C(!+Pl)=C2(I)'NEXT 1 
1850 FOR 1=1 TO~R3'B(I+Pl+P2)=B3(I)'C(I+Pl+P2)=C3(I)\.HEXT 1 
1860 PRH~T "DO y~u '~AHT TO SEE A PLOT OF THE EXPERlMEHT u'lUPUT OS 
1870- IF O$=\lYES~~ 1900 ' 
1880 IF O$="HO" THE~~ ~ 
1890 GO TO 187e ~ , 
1-90'0 C.-tAH~ "DX: PLOT ~BAS" LINE 678 
1918 PRIHT "00 VOU "-!AHi TO SAUE THE DATA "'INPUT F$ 
1920 IF F$'="YES" THEN 1960 ' 
1930 1 F F$=h~~O" TH EH 19S0 
1940 GO TO 1910 
1950 OUMP'MSWl(2)'STOP r 

196e FOR I=P6+2 TO 3 STEP -1\.C(I)=C(I-2)'HEXT I 
1970 C( 1 )=P6'C( 2 )=S l ' 

- t 980 OPEU "OX1: TESTII&~~$ .FOR OUTPWT AS FILE- il ' 
1990 AOUT(C/li~LE4) " : 
201 B AOUT( B, 1,. 2) ES) \ . 
202@ CLOSE #l'GO TO 1950 
2030 EilD 

REAO'( 
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PLOT MTS BASIC UB1B-02D 
. , 

E 
- \ 

10ù R t·1-----------------------~---------------":"-------------- ... ----------..... --
1 10 REt'1 ,p L 0: T ~' Il 

120 REt-1 . , . ' . ~'-- . , 
130 REN THIS PROGRA~1 PROOUCES GRAPHlCAL OUTPUT OF EXPERIMEUTAL ' 
t 4B RE,., DATA OBTAIHED DURIHG INTERRUPTED COf1PRESSIOH TESTIHG AHO 0 

150 REN STORES DATA FOR FUTURE ·USE. THE PROGRA~r MAY AL sa BE· USED 
160 REM TD RECALL OLD DATA~FnR PLOTTI~tG. 
t 70 REt1 '. . 

, 180 REM PROGRAMMED SV ALFRED A. MACCHIOtiE. 
19B REM REUISEO WITH THE'ASSISTANCE OF RICHARD 9ERGLY OF MTS. 
200 REI1----------------:----... --------------~-------- .... --------....--------
210 CtlTR( 3 ) . . , 
220 COMt1OH H$JH~JH$JT$~PJE,El)Rl,R2}R3ILe,DB)AB)T1JT2/T3JT 

. 230 COt1r10U Pl, P2, P3) P6, S1 J 57-.. Yl J Y2 .. U2 .. B( 6H3), C( 619) 
240 OIM S3(6ta),E2(61B) 
250 REN.,-. ----..... ------....--~_ .... ...---... _----.. - .... ~ 9 •• _------- .. 

~~g ~~~ __ ------~<-~~~~-~~~~-~~~~~T:~~-------~-------- _____ __ 
280 PRINT "SAHPLE It'Y'INPur H$ 
290 PRIt~T uMATER'TAL "'IN~UT M$ , 
300 PRlt~T uHEAT TREAl11EH "'INPUT H$ . 
310 PRIt;r tlTEST TEMPERAT._JRE Il'IHPUT T$ ~ 
320 PRIt4r "PRE-STRAIt~II'INeUT p 
330 PRIHT "TOTAL STRAIHII'uIPUT E . 
349 PRIttT, "TRUE STRA'IN. RATE(.l /SEC) "'It~PUT El ' 
350 PRIt,r "STROKE .RANGE (MN) "'INPUT R1 
360 PRHtT "LOAO RAt~GE (Kt~ )"'IHPUT R3'R2=R3/4. 4482*leee ~ 
370 PRI~IT uSPECIt1Et~ HEIGHT (t'1M) Il'INPUT Le 
389 PRIHT "SPEClt1EN DIAt1ETER,(Mt1) "'INPUT 00 , 

. 390 PR 1 HT "HOlO 1 HG TI r1E OUR 1 NG l HTERRUPT l OH (SEC) Il,, 1 NPUT T2 
400 PRIHl "STROKE OFFSET OURI,t-tG It·nERRUPTIOtt (~1AC~HNE UNITS )II'IHPUT 87 

o 

\ 

~ 
~ .... . 



." 

t~, t;:~ o 
405 cnrn< 3) , '. ' 
~ PRHtT "TINE IHT€RlJAL FOR DATA ACQUISITION CTEHTHS t1SEC)" 

--

, 420 PRI~tT "OURIHG LOAOING, UNLOADIHG" RELOADIHG'h ... It~PUT Y'l 
4·30 PRIHT 'IIDURItIG INTERRUPTION"',INPUT Y2' " 
440 PRI~tT IIDATH ACQU1SITION ~lULTIPLIER DURIHG It'JTERRUPJIOHu,'ItlP.UT 1,)2' 
4~O PRItIT "Et·IlER ~lU~lBER OF DATA POINTS~' , ' l 

460 PRltlT "DURIttG' PRE-STRAIN' AHO UNLOADING"'IHPUT Pl.- . 
470 PRIJIT "0URIttG IHTERRUPTIOH"'-INPUT P2 
480 PRHlT "01lRHtG RESUMPTION"'rttPUT P3\.,P6=Pl+P2+P3 
490 AO=PI*OBA 2/4 
500 T1=P/El, , 
51G T3=LOG(EXP(E-P)+S7*Rl/2B47*EXP(E)/LO)/El 
520 T=T 1 + T3 '. , 530 REM~----~~~------~-----~-------~~--------~----~----~~~--~---
540 REM DATA RECALL . 
550 REl"l------- .-.-.----""-:------..-.....--------------...:-..------------.. ----. 
560 OPEH_uOXl~TEST"tH$ FOR INPUT AS FILE Ml 
570 AIHP( C, 1 ~O, E6) 
seo P6=C(1)'Sl=C<2) 
590 FOR "1=3 TO P6'-AltFCcllle/E6)'HEXT l 
61 (3 AI UP( B" t ,,21 E7 ) 
62G·FOR 1=1 TO P6'CCI)=CC1+2)'HEXT l 

.630 CLOSE "1 '.' . ,-r. ~ .' 
640 REI1-------... --... - ... ---.. ~ ... -:::-...... -~-------... ---......-...-.--~---------... -------· 
658 REM TRUE STRESS TRUE STRAIH PLOT . 

r669 REM-------------------------~--------~---------~------~--------~~ 
670 U=B -' ,.<" 

68B,FOR 1=1 TO P6'Ll=L0+CC(I)-S1)/2047*Rl ' 
690 S3( I)=9.81*A8S(B(I)~Ll/2.2a46/Aa/2047*R2/La'E2(I)=-LOG(Ll/LO) 
700 1 F U< S3C t) THEtt U=S3( 1 ) 
70 1 e t1E>~T 1 

, 720 U=4.t:U/3'PRIfH "MAXIMUM STRESSIt
) U) Il ~1PA" 

730 PRIHT "Et.TER STRESS LIMIT (NPA )"'-IHPUT U, 
740 PRIttT "Et4TER STRESS INTERUAL (~1PA )II'-IHPUT U1 
750 PR 1 t IT ft PRESS RETURH Ta COHT 1 HUE Il 
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c 760 I1IPUT ~f - l , 

770 CttTR('3)'CNTR( 0 ),PH'r'L( 1001900 .• 80j70B) 
780 SCAL( 0 .. 0, E.' 0 . LI )'CHTR( 2 )',PLOT( (3 1 (3) 
-;--90 LABL(" TRUE STRA 1t~\I ,HTRUE STRESS tlN/~1"2"., . 1 J U1 } 1 ) 
8{u) LH8L~" " .. II Il., .02}Ul.1513)'C~~TR(0)'PLOT('O/0)'PLOT(e/U) 
SlO PLOT(E~U)'PLOT(E/B)'PLOT(O.B)'CHTR(l) 
-820 COr'U'l( !-'SANPLE ü".,. e5tE ... : 96:t.U )'PRINT H$ 
830 COHH( Mt:, . 05:iE 1 • 93*U) -.' -
840 CO"'J-1( "HEAT lRE-ATt1Et~T: 11-.... è?*EI . 9*U)'COMM<H$ ... 4*E" .9*U) <o. 

850 COf-U'I( "TEST TEHPERATURE:" 1 • 05*E, . B7*U) 
860 CONr1< T$, . 4*E ... 87*U )'COMM( "STRAIN RATE: "" . 05*EJ . 93*U) 
870 PR 1 tlT E 1 ,cor'ltl( n /sEé" 1 • 4*é 1 • 83*U) 
8S0 cor~l'1( "PRE STRAIN;- Il 1 .05*E" . a*u )'PRIHT P 
89(1. COf11'1( Il HOLD 1 HG TI ME: Il " '. 0S*E, :7.7*U )'PR 1 HT T2 
90B COl'll'1( uSEC . ,. 1 • 4*e:., -: 77*U )'CHU( 2) " ' 
910 PLOT< a, 0 )'CHTR( e) - ' 
920 FOR· 1 =1 TO Pt '~h1RK( "+" J E2( l ), S3( 1 ) )'NEXT' 1 

- 930 FOR 1 =P1 +P2+ 1 JO P6'MARK( "+ li J E2( l ) .. S3( 1 »)'~tEXT 1 
940 IttPUT F$,CHTR~ 3) , . ' 
950 PRIHT "ENTER STRESS LIMIT (MPA)U'INPUT U-
960 PRlur- .iE~nER STRESS IHTERUAL (MPA)U'INPUT U1 . 
970 PRIUT "PRESS RETURH 10 COHTINUE"'INPUT Fi 
98e ,C.UTR( 3 )'CHTR( e) ., 
993 PHYL(tea,,980J80/70a),SCAL(GI .75*PJ1.1*PI .5*U,U) 
1 oot) ·C~ITR( 2 )'PLOT( . 7S*P J • S*U ) -

" 

HH (j LABL( "TRUE STRAIN U 
.. uTRUE STRESS ~1N/M"2·t ... 02" Ut/5 .. 1,) 

1020 LHBL( li "," Il, .. 4 . eeeeeE -B3 J U 1/20 J 3 )\.CNTR( 0 )'PLOT( . 7S*P J • S*U) 
1630 PLOT( .7S*P .. U) . ' 
104B PLOT(1.1*P .. U),PLOT(1.1*P ... 5*U),PLOT( .7S*P).S*U) 
1050 CIITR( 1 )'COMM( Il SAMPLE ü Il J • 77*P ... 9S*U ) 
1060 PRrt.T t.$'-COI1M( tl MAXIMUM FLO~~ STRESS DETERMINATION" ... 77*P ... 92*lI) 
1070 Ct JTR( 2 )'PLOT( . 75*P" . 5*U3 )'C~~TR( (3 ) 
1080 FOR 1=1 TO Pl 
1090 IF S3( 1 )(" 5'tU THE~~ GO TO 1110 
r100 IF E2( 1 » _ 7S*P TH EH MARK< "+11, E2( 1 )) S3( 1 » 
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o o 
t t 10 HEXT 1 
1120 CtlTR< 2 )'- 1 UPUT F$'CHTR< 3 ) . 
1 1 3e\ REt't-------------------------.... ---------------... ---... ---~---...... -~--.------... -
1140 .REt-I INITIAL YIELO REGIO~~ - PRESTRAI~~ . 
1150 RE~I-----------------------------------------------------~----~------1160 lI-O ~ 
11(0 FOR 1=1 TO Pl 
1180 IF E2CI).075 THEN 12a0 
1 t 90 IF U<S3( 1) THEH U=S3( 1) 
1200 tlEXr 1 
12 t 0 U=4 tU/3'PR 1 t Il Il MAX l MU~1 STRESS Il 1 U 
1220 PRltiT IIEUTER STRESS LIMIT (~lPA)"'INPUT U 
1230 PRIUT IIEHTER STRESS INTERUAL (MPA)II'It~PUT Ut 
124e CUTR(3)'CHTR(0),PHVl(100/900IS0,,70B) 
1250 SCAL( e.: O} . OlS} e, U )'CNTR( 2 )'PLOT< 0" (3) 

&" 

1260 LABL( tlTRUE STRAIN",/ "TRUE STRESS NH/~lA211 J • 01/Ul, 1"> . 
1270 LABL( li ", Il Il'/2. eaoeeE-03/ U1/51 3 )'CHTR( (3 )'PLOT( 0" (3) 
1280 PLOT<B/U)'PLOT( . 075/U)'PL01( .075/0),PLOT<0/B)'CHTR(1) 
1290 COHN(UIUITIAL YIELD REGION",4.eooeeE-03, .96*U). 
1300 COI·tH( uPRE-STRAIHII

) 4 :-eooaOE-33 1 • 92*U) 
1310 COf1l1( Il sAMPLE tt" .. 4 . ee0e0E -03, . 88*U )'PR 1 NT H$ 
132e CUTR( 2 )'PLOT( al a )'CNTR< a) . 
1330 FOR 1::1 TO Pl'-.IF E2< 1 )(=.075 THEN MARK( tI+"JE2( l ) .. S3( 1 »'HEXT 1 
1340 CtlTR( 2 )'It~PUT F$ 
1350 C~nR( 3) 1360 REr1-----------------------~-~----~-~----~~----~-----~---~--~--~ 
1378 REH I~H TIAl YIELD REGIOH - RESUNPTIOH 
1380 REr1-----------------------~--------~-----------~-~--~---------------
1390 U=0 
140B FOR I=Pl+P2+L TD P6 
1410 IF U<S3(I) THEN U=S3(I) 
142(1 tlEXT 1 
1430 U=4,tU/3 
1440 PRIUT "f1AXH1UM STRESS"} U .. Il MPA" 
l1j58 PRIt~T "Et!TER STRESS LINIT (NPA )"",INPUT U 
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,., ~ (A. 
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1460 PRIHT l'ENTER STRESS INTERUAL (NPA )II'IHPUT Ut ,; 

,. 1470 Ct n~C3 )'-Ct~TR( B )'PHVL( 1 BO,J 900 .. 80 .. 700 ) 
148û· SCAL( 0, P.-, 02., P+ ~ 055 .. O.' U ),,-Ct-tTR( 2 )'PLOT( P-, 02 .. a) 
1490 LABL( ",JRUE STRA1t~II .. IITRUE STRESS ~1H/N"2I1" . et,llIl .. 1 ) -
1500 LHBL(It ",11 " .. 2.00000E-03 .. U1/5J3)'CNTR(0)'PLOT(p-:e2,0) 
1510 PLOT(P-.02,U)'PLOT(P+,055)U)'PLOT(P+.055J0) 
1515 PLOT(P-.0210) 
1520 CUTR( 1 )'CO~lN( 1\ I~nTIAL YIELD REGIOH Il

) P+4. 00000E-(3) ,96tU) 
1530 COt-lN( ItRESUt'lPTION", P+4. G0000E-B3" . 92*U:> 
1540 COI'U'l( u-5AHPLE "" J P+4. ee000E-(33 ... 88*U )'PRI~tT N$ 
1550 CNTR(2)'PLOT<0,0)'-CNTR<0) 

'\ 

1560 f'OR I=P1+P2+1 TO P6'IF E2(I)<=pt.075 THEN MARK("+II,E2(I) .. S3(I» 
t 570 tEXT 1 . 
1580 REt·1---------------... - ...... ---............--------... --... ---.....----......... ----------..... -----'".-.~-.-..--
1590 RE~1 LOAD-TIME AND STRAIH--TIME PLOT 
1600 REf-1--------7-------------------------- ,-- --------. 
161 (1 Ct ITR( 2 ), H lPUT. F $'CNTR( 3 ) . 
1620 TS=( Pl +P3 )*Y 1 /10000 
1610 PRHIT "TEST TIf'lE: "T5 11 SEC Il 

1648 PRH~T· "ENTER TIME SCALE (SEC)"'IHPUT T4 
1650 PRI~IT "EHTER TIME INTERUAL (stC)U'INPUT TE) 
1660 CUTR( 3 )'CHTR( (3 )'PHYL( 100,908, SB" 700) . 
1670 SCAL(OJO"T4,0"E)'CNTR(2)'PLOT<B"B) "" 
1680 CUTR(O)'PLOT<e,(3)'PLOT<e,E)'PLOT(T4,E)'PLOT(T4/0) 
1690 PLOT(3,B)'LABL("TIMEII"uTRUE STRAIH" .. T6".1,,1) 
1 700 LABL( ta .. " Il Il .. T6/ 10 J • es" 3 ) 
1 7 î a COl1M( Il SAMPLE tf"" . 1 *T 4 ... 9*E )'PR INT H$ 
1 7>20 Ct JTR( 13 )'-A8=0 t 

1730 FOR 1=1 TO Pi 1 
17413 t1ARK,< Il • "1 A8} E2( 1 » i:' 
17513 A8=A8+Yl/10G00; 
1760 tlEXT 1 
1776 FOR I=Pl+P2+1 TQ P6 
J 780 t1ARK ( Il . Il .. AB, E2( l » 
1790 A8=A8+Yl/10000 . 
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f~ ",~1 

t BO(J HE~T l . 
181 (j CHTR( 2 )' ntPUT F$'CHTR~3») 
1820 U=G . 
1830 FOR 1=1 TO P6, 
1840 U2~A8S(B(I')/204?*R3 
18~ü IF U<U2 THEH U;:;U2 
1860 tlEXT 1 

o 

1870 T5=«Pl+P3)*Vl+P2*V2*U2)/10eee . 
1880 PRIHT IITOTAL TIME:IIT5 11 SEC. II 

1 

r 

, 

.18~O PRIHT "E~nER TINE SCALE (SEC. )iI'INPUT·T4 ' 
1900 PR n~T' IIEHTER TIt1E, INTERUAL < SEC. )1I'I~tPUT T6 

'1910 PRn~T "MAXIMUM LOAO"JU .• " KH II 

~ 

',t 920 PRfUT "EnTER f1AXINUN LOAD LEUEL (KN )"'INPUT U 
1930 PRIHT "EHTER LOAO INTERUAL (KN)U'-INPUT U1 
1940 ctHR< 3 )'CHTR( e )'PHYL< te0 .. gee .. S6 .. 7e@;-) 
1950 SCAL<0,e,T4JB}U)'CHTR(2)'-PLOT<0,e), 
1960 LABL( "TIME'~ .. "LOAD KN" .. T6 .. Ul .. 1 ) , 
1970 LABL(tt 1I 1 11'II,T6/10 .. U1/5,13) - "-

c' 

'\ 

t 980. tU~R( 0 )'PlOT( 0 .. e )'PLOT( 0'J U ).'PLOT( T4 .. U )'PLOT( T4 .. e) - . 
1990 PLüT(O,0)'CHTR(l)'Cot1M("SAMPLE #11.., .1*T4 ... 9*U)'PRIHT H~AB=a 
200é FOR 1;1 rD ~1'P5=ABS(8(I»/~B47tR3 
20.1 0 MARK<"., Il, AB, P5 )'A8=A8+Yl/U30{3a'-~Œ:XT" l 
2028 FOR'I=Pt+l TD P2 
2039 P5=ABS(B(I»/2B47*R3 
2040 MARK(".II,A8"P5)'-A8=A8+Y2*U2/10000 
295.(1 tlEX TI' ' 
2060 FOR I=Pl+P2+1 TO P6 
2070 P5=ABS( B( 1 )')/2047.*-R3 
2080 I1ARK( Il • Il ) AB, P5 )'A8=A8+Y 1/10000 
2990 tJE~T' 1 . " 

\ 

21'00 CtlTR( 2 )'IHPUT F$'CHTR( 3) ~ . 

'o~ 

,', 

., 

r, 
" .... 
~ 

" ~ ~ . ( . 
2 t, 1 e REt1--------------------.... -----... --.......... :------.. ~~---~ .... ----... --.. --... - .. --.. ~ ...... ~ ............ 
2120 REM, DATA STORAGE ,. 
2130 REr1------------------------------~-----------~--------~-------------
2148 PRItlt "00 YOU l~ANT TD SAllE' THE DATA?II"INPUT F$ 
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2150 IF Ft="YES" lHEN 2193 
'21'60 'IF Ft"="NO" TH EN 21se 
2170" GO TO 214,0 
2180 DUMP'HSW1(2),STOP 

, •. 

~-

2190 FOR I=P6+2 TO 3 STEP -1'C(I~=C(I-2)'HEXT-I', 
2200. C( 1 )=P6'C(2 )=81 . 
2210 OPEt~ HDX1: TST"~N$ FOR OUTPUT AS FILE -Dl 
222Ô AOUT(C,l,0,E4) . 
2240 AOUr(8,1~2,E5) 
2250 'CLOSE -ft 1 " 
2260 GD rD 2180 
2270 END 
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