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- ABSTRACT .
‘ -
. . 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

- additions of: (i) Nb; (ii) B; and (iii) Nb + B was assessed independently.
C - - 3

”

The-static recrystallization- kinetics of the hot worked gustenite were
determined for prestrains of 0.12, 0.25 and'0.50 in the temperature range 900 to -
1100°C. The static results are praserited in the form (ﬁ}percentage softening vs.
log time plots. These results, together with static RTT diagrams, indicate that.
the addition of B is most 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 Avragni equation; the influence of prestrain, -
T | temperature and alloy composition on the <coefficients and exponerits is

‘ described.

" LY
Youmes

The kinetics of dynamic recrystallization were evaluated in the
temperature interval from 1000 to 1100°C and at strain rates from 103 to
0.5 s-1. The peak- strain €, was taken as a measure of the onset of dynamic
recrystallization, and the recrystallization strain €, of the duration of dynamic
recrystallization. These two quantitiés, divided by the testing strain rate €,
provided the nucleation and recrystallization times; respectively. The dynamic
RTT (DRTT) curves produced in this way are consistent with the static ones.
Carbon extraction replicas and autoradiographic photographs were
prepared. These indicate that boron acts as a solute and segregates to the
moving grain boundaries. A physical model based oq‘the strain induced
segregation of boron is proposed. It relies on the ratio of grain boundary to
matrix diffusivity of the Nb present to explain the synergistic action between
Nb and B. Finally, the solute drag theory isemployed to show that the order of
O effectiveness of microalloying elements is that of their interaction energies E,,.
The elements with the highest interaction energies also have the highest

/




(ii)

L3

diffusivities in steels. As a result, elements with high diffusivities can be

expected to exert the highest drag forces. ) _ ’ '
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RESUME °

t
- #
i

Quatre aciers 2 trés bas taux de carbone et de structure bainitique ont
été soumis & deux types de tests: interrompus et continus. La composition.de
base de ces aciers consistait en 0.026% C, auquéLonge\té ajoutes 1'un ou I'autre
ou les deux éléments Nb (0.055%) et B (30 ppm). De cett\faqon I'influence des
différents éléments d'addltlon (i) Nb); (ii) B; (iii) Nb + B sur la vitesse de
recrlstalhsatmn a pu étre esmmee a tour de role.

/,

Les cinétiques de recristallisation statique correspondant a l'austénite
écrouie a chaud ont été déterminées pour des prédéformations de 0.12, 0.25 et
0.50 et pour des températures variant de 900 & 1100°C. Ces résultats sont
présentés sous la forme du pourcentage d'adoucissement en fonction du
logarithme du temps. Ils indiquent, lorsqu’ utilisés avec les courbes RTT, que
I'addition de B est plus efficace en présence de. Nb pour retarder la

recristallisation, De plus, les deux paramétres prédéformation et température”

influent sur cet effet retardateur. L'équation d'Avrami est utilisée pour
caractériser les cinétiques de restauration et de recristallisation; l'influence de
la prédéformation, de la température et de la composition de 'alliage sur les
coefficients et exposants de cette équation est également étudiée.

Les cinétiques de recristallisation dynamique ont été évaluées pour des
températures variant de 1000 2 1100°C et pour des vitesses de déformation
allant de 10-3 4 0.5 s -1. La déformpation £ correspondant au pic ainsi que la

# 'déformation ¢, correspondant a 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 £ du
test, ces deux quantités conduisent respectivement aux temps de nucléation et
de recristallisation. Les courbes dynamiques RTT (DTT) estimées de cette
maniére sont en accord avec les courbes statiques correspondarites.

&

Les répliques de carbone- ainsi que les photos autéradiographiques
indiquent que le bore agit comme un,soluté et que sa ségrégation se produit aux
joints de grains qui migrent. Un modéle physique fondé sur la ségrégation du
bore induite par la déformation est proposé. Il fait appel au rappoi‘t de
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diffusivité joint de grain/matrice du niobium présent pour expliquer 1'action
synergétique entre Nb et B. Finalement la théorie du “trainage de soluté” est

) ® utilisée pour montrer que l'ordre d'efficacité §'éléments de microaddition est le

méme que celui de leurs énergie d'interaction E,. 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 & diffusivité élevée produisent les

forcesde trainage les plus importantes: .

A
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CHAPTER1 -

INTRODUCTION

. The appeararrée of low-carbon bainitic steels on a commercial scale was
almost simultaneous with that of the ferrite-pearlite HSLA grades. The former

‘steels offered a strength advantage but were infetrior in toughness to those with

ferrite-pearlite microstructures. The rather recent realization that reducing
the carbon level to very low concentrations improves the impact properties of
these steels renewed the early interest and led the way to the development of
the ultra-low-carbon-bainitic grades (ULCB). A very important microalloying
element in these steels, especially from the hardemabtlity point of view, is
boron. Its effect is particularly strong in the presence of niobium.»

For further improvement in the inherently low toughness of these steels,
it is impdrtant to refine the austenite grain size prior to the bainite
transformation. This is because the effective grain size for the cleavage
{\racture of bainitic 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 ;’equires knowledge of a number
of important metallurgical characteristics of the material with respect to
temperature, deformation and time. These have, to a great extent, been
predetermined through the choice of the chemical composition. Consequently,

‘clarifi'cation of the roles played by the different microalloying elements is of

prime importance in understanding the physical metallurgy of these alloys.

gt

The aim of the present investigation was therefore to assess the
recrystallization behaviour of a series of hot worked austenites containing
boron. In particular, tghe main objectives were the following:

(i)  To determine whether the presence of boron, alone or in

conjunction with Nb, influences the rapidity of the
softening processes.




(i)

(iii)

(iv)

(v)

) {

To follow its possible influence, under both static and
dynamic testing conditions, for a'variety of prestrains and
holding temperatures over ranges of industrial interest.

To establish the “state” of the boron (i.e. whether it is in the
form of solute, cluster or precipitate) when it iseffective. ~—
In the case of the synergistic interaction with ‘Nb, to provide
possible physical explanations fon such behaviour.

A
\

— . \
-To understand, on a physical basis, the reasons for the

variations in the effectivenessvofthe‘di\ﬂ_b/rgp\tjﬁlicroalloying
elements in retarding the recrystallization process.

Before presenting the results of this investigation, some of the literature

associated with the metallurgical uses of boron will first be introduced,
together with the different stages of the controlled rolling process. Then the

0- ‘ " theoretical framework dealing with the influence of solgte atoms in retarding

the motion of moving grain boundaries will be considered. The detailed
description of the materials and the experimental techniques used follows.
After a presentation of the experimenta. results, the discussion section is
presented, which is divided into two parts: the first deals with a mathematical
description of the experimental data and is applicable to the computer
modelling of steel rolling; the second deals almost entirely with the problem of

-understanding thee behaviour of boron during recrystallization, especially when

Nb is present. Finally, a cormbined model based on the ‘strain-induced
segregation of boron on the one hand, and on the solute drag theory on the other

is employed to explain the synergism between Nb and B that was observed.

b

A

1]
b
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2.1 . METALLURGICAL ASPECTS OF BORON.STEELS .

Boron was first considered as a potential alloying element in stee in
1907 (1), From then on, through the early 1920’s, various investigators studied
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 some cases, were responsible for making steels
extremely hard and brittle and that even an amount as minute as 10 parts per
million of boron was sufficient to produce significant effects on steel properties
(2, 3). These early studies were charactérized by a lack of understanding of
hardenability, while the commercxal productxon of boron steels suffered from
the inability to control the steelmakmg process to the extent needed to

maintain small amounts of effective boron in solution.

The 1930’s and early 1940’s brought an appreciation of the conc%l‘\of
hardenability and the\ way it is affected by alloying elements, including borgn
(4, 5). It was then realized that boron is by far the most potent hardenabilit
intensifier, a use which remains its predominant function in carbon and alloy
steels to this day (6,'7). The development of the Jominy hardenability test
during this same period brought with it a convenient way of measuring the
effectiveness of the boron contained in the steel (8). This ws extremely
significant because it replaced the heed for chemical analysis in the parts per
million range with a simple procedure providing meanipgful quantitative

4

information. oo : \ ’ )

The initiation of World War II caused -a severe shortage of many critical
alloying elements, 1ngludgng nickel and chromlum and since it was already
known that boron could replace many of these alloying elements the
commercial dewelopment of boron steels was .on its way, even though many of
the old problems associated with the use &f boron remained to be satisfactoriiy
solved. It was known that boron had to be protected from reaction with oxygen




2.1.1 BORON STEELMAKING PRACTICE AND PROTECTION

x _——

and nitrogen in order to insure its hardenability capability, Rut steelmaking

technology was not always up to the task of domg that. Asaresult, boron steels
gained an unfavorable reputation for erratic behaviour, a stlgma which was to
persist for several decades. Unable to guarantee a consistent product,

steelmakers therefore returned to the more costly but easier to produce alloy

steels as soon as the war ehded. There was a renewal of interest in boFon steels
during the Korean war and during periods when, for example, nickel or
molybdenum was in short supply for variousreasons, but it appeared as though
theyonly gained favor when times were hard, only to lose their popularity once
otherelements were cheap and readily available.
' , AN
Today the situation has changed in many aspects. From the
technological point of view, there is now a far better understanding of the way
boron:produces its beneficial effects. The advent of sophisticated analytical
instruments and microprocessor based controls has greatly increased the
steelmaker’s ability to produce consiistent, high quality pr‘oducts on a routine

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

long term supplies of low cost raw materialscan no longer be taken for granted.
Also, competition from plastics and non-ferrous metals has created a need for
steels that provide maximum strength to weight ratios at the lowest possible
cost. Finally, there is now permanent concern for energy conservation and both
steelmakers and their customers must constantly strive to reduce the energy
consumed in melting, heat treating and deformation. As will be discussed in
later sections, boron steelslare well known for their ability to conserve energy,

bothin the furnace and in the work required for hot and cold deformation.
¥ )

Now that definitely reproducible properties can be obtained regularly
with boron steels, it seems that these materials have finally come into their

“own,

-
- e~ -

o

i

a

It hd’s long been recognized that the’ hardenabili'ty of boron steels does
not increase continupusly with boron level but that there exists an optimum
boron content range. Most authors (9-12) tend to locate this optimum range
between 10 and 30 ppm of ’ soluble’ boron asxllustrated inFig.2.1. This range
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. is, however, sometimes located at very low concentrations (13-15), and the most

amportant explanation]for such a discrepancy pertains to differencés 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 Feg3(B,C)g. As boron is a very
reactive element, it reacts with oxygen forming B90O3 and nitrogen to form BN;
this frjaction of the concentration is called the insoluble or ineffective boron.
The primary problem in producing steels with optimum hardenability has

therefore been the éontrol.required to assure the optimum effective (soluble)

boron content of the final product. Loss of effective boron by the formation of
B9O3 is prevented by making the boron addition after all the deoxidizers have
been introduced, i.e., after manganese, silicon and aluminum have been added,
and by using good ladle and/or mold practices to avoid reoxidation while
pouring the steel. (Boron addition begins after the ladle is 1/3 full and is
generally completed before it is 2/3 full (1)). Loss of .effective boron by the
formation of BN is prevented by combining the available nitrogen with strong

‘nitride formers such as Ti or Zr, as can be seen in Fig. 2.2 (12). A study by

Kapadia et al. (12) showed that the effective boron content could be calculated
from the total boron added, the N concentration, and the amounts ¢f the nitride
formingelements. The effective boror: isgiven in this wayby Eq. 2.1 as:

Zr

(2.1)
15 EA ;

T
BT —{(N—OOOZ)—'—-—
ot 5

. »

(effective boron) ~ 20

The value of 0.002 is taken to be the partof the nitrogen content that isalways
bound to the aluminum and silicon.

. Provided that sufficient titanium is added to bind the amount of nitrogen
remaining, Beff = BTot. To calculate the amount of titanium required,

~

equation (2.1) may be written as:

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

" (Here it is assumed that the amount of zirconium is equal to zero).

!‘ - '
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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 boundgries, and it has been shown that boron influences the
nucleation rate of ferrite (17) (but not the growth rate), most of the interest in
boron deals with its effect on the y to a transformation. There are two reasons
why such “small concentrations” of boron can cause significant retardation of
the y to a phase change: the first is that 10 ppm by weight of soluble boron is
actuélly 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 every 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 which explain how boron can retard ferrite nucleation will now be
considered. .

2.1.2.1 Reduction in Grain Boundary Energy of the Austenite

It has been observed that the segregation of boron to grain boundaries
reduces their energy (19) and therefore makes them less favorable sites for
ferrite nucleation (Fig. 2.3). The major objection te this proposal is the
estimation by Sharma and Purdy (20) which shows that the reduction in energy
is of the order of 1% at most and consequently is probably too small to have 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 so that the reduction in
austenite grain boundary energy can still be considered'a possible mechanism.

’
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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
areduction in the carbon jump frequency in thisregion by blocking interstitial
sites or by increasing the grain boundary modulus. These mechanisms have
been confirmed experimentally. The reduction in the iron grain boundary
diffusivity could explain why boron retards the nucleation kinetics of ferrite in
a carbon free alloy. In carbon containing alloys, i.e. in steels, carbon jump
frequency is rate controlling and a reduction in the latter could explain the
retardation of ferrite nucleation. This can also make sense of the observation
that boron loses its hardenability potential at carbon concentrations greater
than 0.8% by weight, as will be seen later.

2.1.2.3 Reduction in the Number of Nucleation Sites

Studies of the nature of grain boundaries suggest that they cannot be
treated as featureless surfaces and that not every grain boundary site can be
.considered 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) forcing
ferrite to nucleate elsewhere at areduced rate.

2.1.2.4 Nucleation on Borocarbic\ie"s

\

The presence of boron clearly increases the incubation time for the
formation of ferrite and lowers substantially the nucleation rate after the onset
of ferrite formation (10). Since the nucleation of ferrite occurs mainly on grain .
boundaries (25), particular attention must be devoted to the possible role of the
grain boul@dary Ms3(B,C)s borocarbides. These precipitates, formed during
cooling, hav;\ parallel cubellcube orientation relationship with the parent Y
grain on one side of the boundary (17, 26). The interface between the
precipitate and the parent grain is therefore of‘substaﬁtially reduced energy

/’1



when compared to the energy of the unmodified grain boundary; as a result it is
eXpécted that the nucleation of ferrite should be inhibited on that side of the
grain boundary (17, 20). Figure 2.4 (27) shows a schematic diagram for the
nucIeatKon and growth of primary ferrite at the Fea3(B,C)e¢/austenite interface.

Because Feo3(B,C)g is ~-in a .parallel orientation relationship with .

austenit? grain y; (Fig. 2.4 (a)), primary ferrite will nucleate at the
Feg3(B,C)¢/austenite yz interface, which has no specific orientation

“relationship (Fig. 2.4 (b)). The primary fengife will then grow into austenite

grain |y; (Fig. 2.4 (c)) and eventually-enclose the Feg3(B,C)g particle
completely (¥ig. 2.4 (d)), resulting in an asyinmetrical shape. Therefore, if the
precipitates 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 precipitates, which have already become incoherent,

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).

The modification of the TTT diagram in the presence of boron is clearly

_affected by the specific composition. A brief discussion of compositional effects

isappropriate at this stage. : -

2.1.3 COMPOSITIONAL EFFECTS . o ,

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 appreciably, with the chemical
composition of the steel, particularly its carbon content. In one of the early
studies on boron steels, Rather and Ax"mstrohg (29) investigated the boron
effect in a wide variety of commercially produced: plain carbon and low alloy

. steels with carbon coricentrations ranging from about 0.1 to 1.0 percent. From

an analysis of their own and earlier data irf'the literature, they calculated that
the boron hardenability factor (Fg) in such steels decreases with increasing
carbon.content according to the following relationship:

\
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Fg=1+15(09-%C) - (2.3)
The 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 grainsize. Finally, ideal diameter is sim'plyﬁ
the diameter, in inches, of an infinitely long cylindrical bar which wilf
transform to 50% martensite at its center under the action of an ideal quencfx.

According to relationship (2.3), boron is very effective in increasing the

r

N

hardenability of low carbon steels, but is completely ineffective in steels \/

containing more than 0.9% of carbon. The negative interaction between the
boron effect and carbon content in hypoeutectoid steels can be explained on the

_basis that carbon, like boron, retards the proeutectoid ferrite reaction. This is

because, when ferrite -and pearlite are being produced from austenite, the
carbon must partitien into the pearlite, i.e. away from the ferrite, a diffusion-
controlled process which is time consuming. Thlerefore, by increasing the
carbon content up to the eutectoid level of approximately 0:8% (at which no
ferrite is formed), the relative importance of the transformation ¢f austenite to
ferrite is decreasedl progressively. Hayes (30) has reported. results-similar to
those of Rather and Armstrong, but with a slightly steeper linear relationship
based on hardenability evaluations of commercial heats of low carbon alloy
steels. ' .

The degree of scatter in thé boron hérdenability factor associated with a
parficular carbon concentration indicates that the boron hardenability effect in
steels of varying composition cannot be ‘expléined by a simple correlation with
the carbon level. The strength of the boron effect appears to be dependent on
the overall austenite transformation characteristics of the base steel rather
than on any specific compositional variable. Consideration of the total alloy

"content is therefore just as significant as the carbon content for predicting the

magnitude of this phenomenon. -
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2.1.3.2 Alloying Elements

The presence of molybdenuin strongly enhances the boron effect (31). A
synergistic influence on both the nucleation and growth of ferrite has been
observed. Micrgalloying elements now widely used in HSLA steels aré

. particularly interesting when used in conjunction with boron. Howewver,
" vanadium does not appear to exert any specific effect in the presence of boron,

beyend its well known contribution to precipitation hardening. By contrast,
niobium exhibits a definite synergistic effect with boron when in solution (10).
Finally, it has bgen reported (32) th”at the presence of copper in conjunction
with boron brings about a significant reduction in the transformation
temperature. The lowering of t,hé/Arg is nearly 110°C under furnace cooling
conditions; even with a very fast cooling rate, the difference is still 42°C.

2.1.4 BORONSEGREGATION R

¢

7

It has been shown previou$ly that boron, whether present as a trace
impurity or as an alloging element in low concentrations, segregates to the.\
grain boundaries (14, 17, 33-46). Such boron segregation demonstrates two
remarkable features. First, the degree of segregationis enhanced on cooling
from higher initial temperatures. Thisrules outa simple explanation based on
binding of the impurity atom to the grain boundary since, if there is a binding
energy to the boundary Eg, the degree of elquilibrium segregation should vary
.as exp(- E/KT), leading to” a trend with temperature opposite to the one
" observed. Second, the segregation only occurs during a relatively Slow cool and
not if the specimen is rapidly quenched. Thus the segregation is a dynamic
phenhomenon affected by the kinetics of the various processes on an atomic
scale. The above two pecularities classify boron segregation as being part of
what is called non-equilibrium segregation.

The theory of non-equilibrium segregation vé;\first discussed by Aust 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 vacancy-impurity complexes. Segregation is then a

consequence of the movement towards overall equilibrium of three species

’



- 16.

(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 [I],
isolated vacancies (V] and complexes [C] at the initial solution treatment
temperature (39). The total impuri%y concentration is [I] + [C] if there is one
impurity atom per complex. The vacancy concentration is:

-E

\ ’ — F (2.4)
Vi=K, wcp(-ﬁ,—)
where Ef is the vacancy formation energy.
The concentration of the complexes is given by: .
' ' 8 +E
' = - (2.5)
[Cl = K, [N[V] exp( XT )

o

where Ep is the binding energy. Here Ky and K¢ are coristants and contain
various geometric and entropy terms. '

_ After holding at the solution treatment temperature for some time, the
concentrations of all three species are uniform ([I] + [V] —= [C]). During
cooling, vacancies are lost at the grain boundaries in order to maintain an

gquilibrium concentration appropriate to the lower temperature. The

reduction in[V] causes a réduction in (C] near the boundaries, where complexes
lose their vacancies to become isolated impurities. Meanwhile [C] increases
near the centre of the grain. Vacancies cannot be annihilated but can move to
impurities to maintain equilibrium at the lower temperature according to Eq.
2.5. Diffusion attempts to even out these inhomo.geneous concentrations.
When quenching is very rapid, the complexes have insufficient time to diffuse
to the boundary. Atintermediate quenching rates, the complexes deposit boron
at the boundary but the now isolated boron has insufficient time to diffuse back
into the matrix, so that grain boundary segregation is produced. Finally, at
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very slow quenching rates, the boron deposited at the boundary has sufficient
time to diffuse back into the matrix and the segregation is eliminated.

2.1.5 MECHANICAL PROPERTIES 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 of boron is therefore appropriate.

2.1.5.1 Tempering Response, Formability

— When alloying elements such as niobium, vanadium, chromium and
molybdenum are added to a carbon steel, they not only improve the
hardenability but 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 does_
not produce a secondary hardening effect on its own, so carbon-boron steels will
bé inherently softer in the tempered condition than the alloy steels they -
replace, as long as the carbon content remains constant. Boron steels are
therefore more sensitive to the tempering conditions and tighter control over
these may be needed. However, if compared on the basis of hardenability,
‘boron steels will generally contain less carbon and manganése (and, of course,
other alloying elements) than the steels they replace.- As a result, boron;tia Is
of equivalent hardenability will be consideragly softer in the unharc}jned, as

received condition than their higher carbon or alloy counterparts. 7This can
lead to significant energy and production savings because:
(i) annealing times prior to cold forming can frequently e cut
"+ in half compared to those needed for conventional alloy

. . steels(51); .

o | .



~ (ii)  boron steels do not require zinnealing after hot forging and
' " before cold trimming and yet trim die life remains adequate
" (1). In addition, it has been observed that boron steels have

a less adherent scale than conventional alloy steels, so that

die life isimproved. u —

2.1.5.2° Considerations Regarding Temper Embrittlement

<

- —

It has been stated that the use of boron increases the potential of the
steel for temper embrittlement, which is a.loss in the as-tempéred ductility
after tempering in a specific range (depending on the composition) or slow
cooling through it (7). Closer examination shows, however, that this is only so
in certain cases, and exactly the aepposite may be true-in others. It is known
that individual alloying elements either enhance or retard the development of
temper embrittlement. Among the common alloying elements, molybdenum is
generally added to prevent or diminish this phenomenon; whéreas manganese
and chromium make the steel more susceptible to it. When boron is added in
order to repface molybdenum for hardenability purpoeses, the protec\tive action
of mq]y,fh&:lum will be lost. However, if boron is used to substitute for
chromium (which is usually the case), the temper embrittling tendency of the
steel remains the same or improves somewhat (7). Boron added to steel not
susceptible to.embrittlement will have no effect. If a steel is already susceptible
without boron and there is no change.i\g\fompositibn other than the addition of
boron, there will be an increase in susceptfbilil‘ty (7,52). -

2.1.5.3 Hot Workability

\

Boron steels are easier to hot.form than their low alloy counterparts for
the reason that most alloying elements strengthen the austenite at-hot working
temperatures, whereas boron only has a minimal effect. Thus if the former are
replaced by the proper amount of boron, the hot workability will-'improve (7).
This has two import'ant‘ energy saving implications in that; (a) less work is
required for deformation at-a given température; and (b) for the same amount of
deformation energy, a lower workjing temperature may be used. _There are
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certain precautions to be taken in the use of boron, however. Plain carbo;/‘end
carbon-manganese-boron steels have a tendency toward hot shortness, so the
Steelmaker must guard against overheating (53). The phenomenon is
associated with the formation of a low melting point eutectic between an
intermetallic of the form M9B, austenite and possibly cementite (7). This
tendency can be avoided by maintaining the boron céncentration within the .
optimum range and by guardmgragamst high temiperatures and excessxvely

long soaking times.

F

2.1.5.4 Creep Resistance \

The beneficial effect of boron on the creep properties of austenitic
- stainless steels has long been recognized (54). Additions of 0.002 - 0.005% B
improve creep resistance and high temperature ductility in these steels, as well
as in some superalloys. Adding 50 ppm of boron to types 316, 321, and 347
stainless steel increases the mfean stress rupture life by a factor of three or
increases the stress to failure-fh 10000 hours by up to 25% (55). In ferritic.
 steels, such as the heat resisting Cr-Mo grades, boron is claimed to have.a
detrimental effect on rupture ductility (56), but beneﬁts have been reported in
cases where boron is used in combination with tltamum, molybdenum or

niobium (57).

.S

2.1.5.5 Boronin HSLA Steels

Boron drastically increases the bainite hardenability through jts strong
inhibiting effect on the ferrite reaction, as described above. This can be used in
some cases to reach higher strength levels in steels which woula normally
exhibit a ferrite- pearlite structure after air cooling. However, the toughness of
bairite is mtrmswally low. " In order to improve the fracture resistance of
bainitic steels, it is indispensable to minimize the austenite grain size prior to
the bainite transform\ation This is because the effective grain size for cleavage
fracture of the bainitic steels has a strong dependence on the pI'lOI‘ austenite
- grain size (28). These bainitic steels, which usually have very low- carbon
contents (less than 0.05% C) and consequently very good toughne5$ and

N
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weldability, need to be controlled rolled, a process which offers significant
processing economies in comparison with the alternative of quenching and
tempering. ) '

22 CONTROLLED ROLLING OF HSLA STEELS

In its most general sense, controlled rolling (or thermomechanical
treatment) refers to any combination of deformation and temperature control
during the processing of materials which enables the required product
properties to be attained without any further heat treatment. The aim of

" éonventional controlled rolling is the production of steels with a combination of

high strength and toughness. This can best be achieved with a refined and

- homogeneous austenite structure which leads to a fine and homogeneous ferrite

structure in the final product. '

In steels, controlled rolling is often considered to have three (58) or four
stages (59). These are: reheating (or soaking), roughing, finishing 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 accelerated
cooling after reheating is also descrlbed below.

2.2.1 REHEATING AND SOAKING

Tnis stage consists of repeaﬁing the material at a temperature
conventionally between 1200 and 1300°C (60, 61). ‘In order to save energy,
lower temperatures are being increasingly used. During soaking, it is desirable
to bring all the microalloy carbonitrides into solid solution (with'the exception

’ofTiN). The selection of the soaking temperature and time is very important as

it is related to both economic and metallurgical aspects of the process. Low
soaking temperatures produce relatively small initial austenité grains and

" ‘consequently smaller reductions are required for recrystallization. Soaking

temperatures lower than the carbonitride solution temperature can also be

“used. However, the undissolved precipitates lead to loss in efficiency of both the

N -
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solute retardation of recrystallizatidn in the subsequent stages of the process as

-~

well asin effectiveness of precipitation strengthening.

formation is very important because it determines the size and morphology of
the grains in the final product. These, in turn, are mainly responsible for the
mechanical properties of the material. In Fig. 2.7, the three “"states” of the

2.2.2 CHANGES IN AUSTENITE STRUCTURE DURING HOT ROLLING

It has been mentioned earlier that the state of austenite prior to ferrite

austenite are illustrated: .

(i)

The range of high temperatures of deformation.

"~ ~Reerystallization in this region is very rapid (within

(i)

(i)

milliseconds or seconds) and is folldwed by some grain
growth, leading to some refinement of the austenite grains.
In industry, this region corresponds to roughing and rolling
for width., '

The intermediate temperature range. Provided the strain
and strain rate of deformation are properly chosen,
complete static recrystalization takes place and small

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

not well chosen, then a sluggish and incomplete
recrystallization takes place (case a). Alternatively, static

recrystallization can be followed by localized grain growth

(case b), leading to mixed grain structures. Roughing is
carried out in this region as well, and only structures of the
(c)type are defsira'ble in rolling practice.

The low temperature‘region (which is nevertheless abdve
the austenite to ferrite transformation temperature Ar3), or
no recr};stallizatior} region. Here the austenite grains are
flattened and strain hardened. ‘The grain volume remains
constant but the grain’surface to grain volume ratio Sy

_increases. This resudts in an increase in the number of
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potential nucleation sites for the y —= a transformation
leading to finer final microstructures (58). Other important
nucleation sites are the deformation bands inside the
deformed austenite grains (62). Deformation bands are
very often formed in this range of temperatures 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 above this temperature range. ‘However,
the density of the deformation bands depends mainly on the
rolling reduction (abox;e 30%) and is hardly affected by
rolling temperature and initial grain size (64). One of the
problems associated with the presence of deformation bands
is that the frequency of their appearance is rather random
. "and this can lead to mixed structures. '

Finally, finish rolling is sometimes extended into the region below.the
Arj temperature. This is done so as to increase tﬁe'streng‘ch and toughness.
The improvement in strength is considered to be mamly due to: 1) further
refinement by austenite pancaking; 2) dislocation and substructure hardemng,
3) enhancement of precipitation hardening. Toughness, however, correlates
with: a) the grain size of the ferrite or bainite, b) the degree of recovery of the
deformed ferrite; ¢) the volume fraction of deformed ferrite; and d) the texture
(65, 66). As far as texture is concerned, Tanaka et al. (67) have the view that
extensive ferrite deformation develops a (100) texture, causmg separation
(splitting), which raises the transition temperature and lowers the lmpact
energy. Thus excessive strainingin the a + y range is not recommended.

2.2.3 COOLING CONDITIONS \ | |

Cooling is a natural and integral pa‘rt of controlled rolling. Its control
c,an'yield excellent results in terms of economy, productivity and material
properties. Rapid cooling rates during rolling can lower the transformation
temperature Arg, prevent austenite recrystallization prior to transformation,
and reduce the extent of carbonitride precipitation in the austenite (28). Lower

§
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N

“'Arj temperatures increase the extent of the no-recrystallization zone and also

decrease the ferrite grain size. Thisis because ferrite grain growth is limited at
lower temperatures. The limitation of precipita'tion in the austenite region,
leaves a large proportion of the microalloying elements in solution and, as a
regult, leads to enhanced precipitation in the ferrite region. This is both a
source of ferrite grain refinement and improved precipitation strengthening
due to the formation of finer precipitates at lower temperatures.

Accelerated cooling after rolling can also be used to produce fine ferrite
grains. In this way, strength and toughness are improved simultaneously.
Nevertheless, when the cooling rate is too high, toughness may be reduced as a
result of bainite formation. Optimum cooling rates must therefore be used,
selected in connection with the hardenaBility characteristics of the steel.

2.3 HIGH TEMPERATURE SOFTENING MECHANISMS

The success of thermomechanical processing is largely dependent on
appropriate control of the softening and hardening processes. All the above
metallurgical aspects are closely related to the temperature. There are two
main softening and five main hardening mechanisms; a) recovery and
recrystallization; and b) grain size, solute, precipitate, and transformation
strengthening as well as- work hardening. The roles of the strengthening
mechanisms will not be covered in this review. '

2.3.1 RECOVERY ‘ : ’ )

The work hardening of crystals during 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 be released when the dislocations
either annihilate each other or rearrange themselves into low energy
configurations. Some energy is released by the local rearrangement of
dislocations into tangles and a further release of energy occurs when low-angle
boundaries are formed. Both these processes involve the climb of dislocations
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and only occur when there is sufficient thermal activation to allow the local and

long-range diffusion of point defects to take place. These changes are

accompanied by the pronounced softening of hardened material. The process is

. called recovery and there are two dlfferent types: 1) static and 2) dynamic.

Only the static variety is going to be examined here.

2.3.1.1  Static Recovery

Static recovery is involved in the entire rolling process and especially
during deformation in the no-recrystallization region. The static recavery
process occurs when there is no load applied to the material and it does not
involve an incubation time. During the process, the sub-boundaries became
sharper and the dislocation density within the subgrains is reduced, with Jittle
change in their shape or size. Temperature, strain, strain rate and addition of
alloying elements are the main factors affecting the recovery rate. The rate of
recovery increases as the temperature, prestrain and-strain rate are increased
(68). , , ‘

2.3.2 RECRYSTALLIZATION

When a heavily cold worked metal (with coné@derable work hardening) is
heated above a critical t"empe'rature, new grains,.relatively free from
dislocations, are produced, resulting in a process' called recrystallization
(69, 70). The main types of recrystallization are: static, dynamxc metadynarmc

" and continuous (or in situ). Only the static case will be described here.

2.3.2.1 Static Recrystallization

This restoration process is the most important of the softening
mechanisms involved in controlled i‘olling. It occurs after a critical amount of
hot deformation has been applied to the material. The nucleation and
completion of this type of recrystallization takes place in the absence of applied
load. The .time nece\ssa'ry for this restoration process is a function of the

~
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material- properties, the temperature, the amount and rate of prior
deformation, as well as 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 migréte through the =
metal (71). Finer recrystallized grains are produced when prior straining is
carried out at relatively high strain rates, low temperatures, with large
reductions and on material with small initial grain sizes. The incubation time
and the rate of static recrystallization are also influenced by the strain, strain

-rate, temperature and grain size. Smaller initial grain sizes and higher strain

rates increase the rate of recrystallization and decrease the incubation time
(68). An increase in temperature results in a-decrease in incubation time and
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

f’or static recrystallization. Thus recrystalhzatlon may or may not take place,
dt\apendmg on the details of the schedule.

~
i

2.4 SOLUTE DRAG

Maﬁy investigators agree that the presence of Nb, Ti, Mo and V as
solutes in a plain carbon steel is effective in retarding recovery and

'recrystallization (72-78). The additions also suppress grain growth and

increase the high temperature strength of the material as a whole. Sumlarly,
the addition of 0.01% of ‘manganese or iron to hlgh purity alutninum can
decrease the rate by a factor of 1012 or 1016, respectlvely (79). Clarification of
the role of impurities is therefore absolutely essential for the understanding of
recrystallization in deformed materials. ’

4

.Lucke and Detert (80) were the first to prese'ﬁt’a'quantitative theory of
grain boundary mobility in recrystallization which took into account the
interaction ‘between grain boundaries and solute impurity atoms. When
foreign atoms are introduced into a pure material they occupy different sites
depending on their size. If the solute and solvent atoms are roughly similar in
size, the solute atoms will occupy sites in the 'crystal lattice of the solvent
atoms, forming a substitutional solid solution. If the atoms are much smaller
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than the solvent atoms, they occupy interstitial positions in the solvent lattice.
Carbon, nifrogen, oxygen hydrogen, and boron are the elements which
commonly form interstitial solid solutions. When the difference 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 atoms prefer to segregate
to grain boundaries, thereby lowering the energy of the aggregate. Similar
considerations apply to differences in elastic modulus or electronic structure.

- The stress field around a foreign atom within a grain, and therefore the energy

E gained by moving a solute atom into the grain boundary, can be estimated
from Cottrell’s formula (81) if it is assumed ¢hat the grain boundary is built up

, of dlslocatlons

4. 140 T (2.8)

v (2.7)

Here G is the shear modulus, o is Poisson’s ratio, r is the atomic radius of the

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

In order for the grain boundary t'o\.rnove during recrystallization, a

driving force must act upon the boundariéxs Here, it will quite simply, be

assumed that the line tension of the dislocations endx/g[m the boundary is the

_driving force (~ 108 dynes/cm2) If a.grain boundary loaded with forengn atoms
. ‘starts to move, the solute atoms will tend to be left behind. Because of the

attractive force between the boumliary and the solutes, however, the latter will
jump towards the boundary rather than away from it if the rate of diffusion
permits it to do so. This resultsin a net velocxty towards the boundary, so that
the solute is able to 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 boundary must be zero; in the absence of other
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forces, the driuving 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 would move very much faster. Because the theory of Lucke 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 diffusion coefficient D(x) for transport normal to the boundary, both of
whi¢h are functions of the distance'from an arbitrarily chosen center plane of
the boundary, the chemical potential of the impurity species can be given by:

p=KTEnClx) + E(x) + Const . (2.8)

where K is Boltzmann’s constant, T is the temperature, C(x) is the composition
and the constant is chosen so that E(x) = 0.

The flux of atoms is assumed to be given by:

0
T &x & .KT ax
o
and . -
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-can be expressed as:

3L ——

When the velocity of the grain boundary (V) is constant, the composition profile

ac . (211
= o _

[

C 3E PE
o=D_+_+___.+V}£+__C_[a_Q__+ TE (2.12)

Iéq. 2.12 was derived 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/(8p/dx) - C (for Eq. 2.9),s0 that, for a given temperature it is only a
function of x. o . T T

The solution to Eq.2.12 is given by: -

“

c=cv { 2y ’x dn |, |
= -— — ¥
0 ap ﬂ;’T ) xo D(q) . 8
5 !
. £ ' ‘
] ap{’i@w] _d_'l_}_‘ié. . (2.13)
e KT xo D(I]) D(E.) o * -

Equation 2.13 does not hold' for V. < 0 and at V = 0’we obtain a singularity.
Therefore, for V. = 0 we can have, from Eq. 2.8: . '

E(x)
KT

C= Coexp[i—

where C,, is the matrix composition. ) ° g .

3
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. 2.4,2 IMPURITY DRAG o

a

N The force exerted by a soluté atom on the boundary is - (dEzdx) (negative
when adsorptxon is taking place) The total force applied by all impurity atoms
on the boundary is given by

& ‘ T
—NJ c-c)Z & : (2.19
e ° dx .

where Ny = 4/a3 is the number of atoms per unit volume and a is the lattice

O

Because the values of C(x), E(x) and D(x) are difficult to assess in order to
evaluate P,, some agproximations must be made. )

3

24.2.1 High Velocity Limit' o | L

By expanding the functions E(£), D(§) and Ig dn/D(n) in Eq 2. 13 in a
Taylor series about { = x and negleeting the/hxgher ‘order terms we can obtam
an approxunate expressxon for C(x), whxch is:

g |l

€ . o (2.16)
DE. . , ' \
14—

C T KTV

| L | Cl) =

{ ‘Thls is valid -under the condition that V > > - D(x)/KT - E(x) the impurity
' drag is then approxunately equal to: ) ' L -

%

NC (= - LT . -
P = —— I E*D dx o ‘%;\-17%
¢ T RTV | . C Ny




, v
which indicates that the drag 1&proportlonal to the diffusivity and mversely
propomonal to the velocity.

w

~

1 24.22 Low VelocityLimit . -
Ifit is assumed that there exists a dlstance A from the boundary beyond‘
~ whichE = 0 and D = D(=), we can, for V. f dwD(x) < 1or 1INV > fdx/D(x)
expand the part of the exponentual mvolvmg V in Eq. 2.13 and obtaln‘ for

-A<x< A )
. ‘ s N (2.18)
d ) ' ‘ EKT | T KT -1 ‘2, )
’ - = B 1+V & + O(V
. Cw=C,e [ I_,\ g 4o ),}

P
1 AN I~

P
r, !

When Eq. 2—‘.18 issubstituted into Eq\. 2.15, thedragisgivenas: -, -
N . ‘ ~ ﬂp -

R ' °  sinh{E@RKT] .
- - '"P =4N.C VKTJ dx !
Y L v .o - D(x) L L . -

| | ] ‘ , _ . (2.19).

A

2.4.2.3 Approximate Equation for Impurity Drag.

The two equations for the drag (Egs. 2.17,2.19) ¢an be combined into one
which holds for both the-high and low velocity ranges asfollows:

- Ve IR T (2.20)
’ , . ! 1+B2V2 ’ ’ ’
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. 2 E(i) ’ , Co . (2.21)
r, sin m N .
. ¢ ! a=4N KT
v - D(x)
‘ N \ - \
a _ dE (2.22)
= J (d )D(x)dx ‘ , .

B2
Both a and B are inversely proportxonal to the diffusivity.

The drag first increases with velocity, then it reaches a maximum at
VB =1 and ﬁnall/ decreases. It has an inflection point at VB = V3 for
Which the slope i§ dPydV = - a Cy/8 and at which the drag has the value
= V3 a Cof4f. For an assumed interaction energy profile as shown in Fig.

2 9 the valuesof a and 3 can be given as:

. EE . (2.23)
a = NU(KT)ZB(s.inh o - )

KT

. B = aKTd . ' : ’(2;'24)
- 2N EfD

where § is the width of the grain boundary. Fxg 2. 10 gives the corresponding

xmpurxty drag'for various velocities.

!
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Figure 2.9 The interaction energy profile E(x) used.
' (a) E < Q;(B)E>0. | |
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T ~ CHAPTERS.

 EXPERIMENTAL MATERIALS AND PROGEDURE

3.1 EXPERIMENTAL M_ATERIALS

Four éteels were used in the present work, with the purpose of
investigating the effect of boron addition on the recrystallization behaviour of
ultra®ow carbon steels. These steels were prepared in the Physical Metallurgy
Research Laboratories of the Department of Energy, Mines and Resources
(Ottawa), and their chemical compositions <f1re listed in Table 3.1. The low
carbon content was selected as being representative of the ULCB (ultra low
carbon bainitic) steels being made for pipeline applications. The titanium
addition was made to prevent boron nitride formation, which would have
eliminated -boron in solution, and thus have interfered with its role in
promoting bainite formation. The aluminum, in turn, was added to prbgect the
titanium from oxidation. Finally the nidbium addition was designed to provide
precipitation strengthening and to improve the hardenability by acting in
conjunction with the boron.

The preparation of compression specimens was based on that used in
previous investigations (84, 85). Cylindrical samples were machined from the
és-recéived plates with the compression axes aligned parallel to the rolling
direction. An aspect ratio (height-to-diameter) of 1.5 was selected to promot'e
homogeneous deformation (84). The end surfaces of the specimens were
grooved (86) to allow for maximum retention of the glass powder lubricant. The
sample and groove geometries are.illustraged in Fig. 3.1. \

All samples were heat treated at 1000°C for 1. hour under vacuum, and
then air cooled. This normalization 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 elligtical ‘cross-sections in

~ deformed samples;

N
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Specimen Dimensions (mm)
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Length (L) IDiameter (D]
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Figure 3.1 Compression test sample geometry and groove design (84).
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3.2 EXPERIMENTALEQUIPMENT

The hot compression tests were carried out on a 100 kIN MTS closed loop
electrohydraulic testing machine, A CENTORR model M60 front loading high
temperature high vacuum furnace was used to provide the temperature
requirements for the experiments. For purposes of performing constant true
strain rate compression tests and of data acquisition, the M'TS 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 graphics
terminal-imi*nedi'ately 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 were transferred 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, thésé
include the MTS machine (a), the furnace (b), the PDP-11/04 computer (c), the
Tektronix terminal (d) and hard copier (e), as well as the cofitrol consoles for the
vacuu}n system and temperature regulation for the MTS machine (f).

The compression tooling was' comprised of upper and lower anvils
(tungsten) tightly‘screwed to stainless steel extension rods. The top extension
rod is fixed to the ram of the MTS machine, whereas the lower one is attached to

“the load cell. An interior view of the furnace chamber, the compression tools

and heating system is given in Fig. 3.4. (The heating elements are of tungsten
mesh). The experiments were carried out in a vacuum of 10-5 torr or better. ‘

3.3 EXPERIMENTAL METHOD.AND CONDITIONS

]

. 33.1 STATIC RECRYSTALLIZATION

The experimental techqiqhe for following the static recrystallization of
hot worked austenite used in this investigation was the interrupted

Y




Fxgm'e32 External view of the hlgh

Ktemperature
compressxon testing equipment.
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Figure3.3 External view of the computer qfxd control
consoles for vacuum and temperature regulation.
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Figure3.4 Interior view of the CENTORR
temperature furnace and compression tools.
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compression test method developed by Petkovic (87). This technique isbased en
the principle that the yield stress at high tenelperatures is a sensitive measure
of the structural state of the material. Examples of the two experimental
curves are presented in Fig. 3.5, These samples were loaded at a constant
strain rate of 2s-1 to a prescribed strain of 0.25, unloaded, and held at zero load
for time intervals of 1.5 and 10s. Aftér the interruption, the samples were
reloaded at the same strain rate for an additional strain of 0.25. As can be seen
from Fig. 3.5, after an interruption of 1.5 s, the flow curve on reloading rises
rapidly to a stress level comparable with the loading curve. By contrast, when

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

that observed during theinitialloadingof the annealed material.

-

The degree of' softening, X, takmg place dunng the unloadmg permd can
be estimated from the expression

.
[~ - it

Om — 9. ' (3.1)

-~ -
N m 0 A

. Here Onm is the flow stress immediatéely before unloading and d, and o, are the
* yield stresses pertaining to the first and second cycles oﬁAoading, respectively

(Fig. 3.6). An offset strain of 0.2% was used to define p'he initial flow (yield)

stresses on loading and reloading. -

All the samples were subjected to an austenitization heat treatment

immediately prior to testing for the following two reasons:"

LN

- The complete dissolution of all the mictoalloy carbides was
desired; and
- It was considered useful to have approximately the same
austenite grainsize inall the steels. | .
The equilibrium solution temperature of NbC was calculated from the
relation given by Cordea (88):

4
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- Log[(Nb) )= - i 296 ) ; (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 ‘absol_ute temperature. The solution

.temperature was estimated to be approximately 1020°C. In order to ensure

' complete dissolution, the austenitization temperature was raised
approximately 75°C above the estimated one. In this way the austenitization -

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

the Feg3 (B, C)g precipitates as well. Finally, some large prec1p1tates (TiN and

MnS) were detected at 1100%C. These were formed at much higher

temperatures and also act as grain refiners .in the present case because they

_ preventgrain coarsening during austenitization. '

3.3.2 DYNAMIC RECRYSTALLIZATION

The parameters associated with dynamic recrystallization were obtained |
from interrupted stress-strain curves, as indicated in Fig. 3.7. The peak strain
€p was taken as a measure of the onset of dynamic recrystallization, i.e. of the
nucleation strain, even though the actual onset is known to, occur somewhat
earlier. In a similar manner, the recrystalhzatlon strain €4 was considered to
be deﬁned by the distance between the first peak (gp) and the first valley or
minimum (see Flg 7).

(%

. Thése‘ two quantities can be divided by the testing strain rz;tg, £, to give
the nucleation time and recrystallization time, respectively, from which the
corregsponding rates can be calculated in turn. The austenitization and test

- ’ temperatures as well 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 of €p and €. -
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3.4 METALLOGRAPHY R

] : , <
Three different types of metallography were employed in the present

investigation; the sample preparation routines involved are described below.

3.4.1 OPTICAL MICROSCOPY

The quenched samples were first'cut along the compression direction
with a 11-1180 Buehler Isomet low speed diamond saw operated with coolant so

as to protect the specimen from overheating. One of the resulting pieces was °

mounted in black bakelite MM 112. Then the sectioned surface was ground
using 120, 240, 400 and 600 grit silicon carbide papers in sequence, polished
with 6 and 1 pm diamond pastes, and finally with 0.3 and 0.05 ‘pm alumina to

" finish. Etching was the Fhst stage of sample preparation. For the quenched
.samples, hot saturated aqueous picric acid solutions at 60 to 90°C were used

with the addition of some Teepol 601. This etchant revealed the prior austenite

i

grain boundaries.

3.4.2 ELECTRON MICROSCOPY

The initial stage of preparation of carbon extraction replicas, used for the

- detection of precipitates in electron microscopy, was the same as in'the case of

optical microscopy. Then the polished samples were lightly etched in nital (3%
HNO3 in 95% methanol). "~ After that, a thin and even film of carbon was
deposited on the surface of the samples using a standard carbon evaporation
unit. The carbon coated surfaces of the 'samples were scribed with a scalpel
blade to produce rephcas 3 x 3 mm in size.

The extraction replicas were released by electropohshmg using a very

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

gradually. The positive electrode of the DC power supply used was always in
contact with the surface of the specii.an. The composition of the electrolyte

.employed was the following:
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W

78 ml perchloric acxd
120 ml distilled water
700 ml ethanol

100 ml butanol - _ e
Subsequent to thaﬁ, the replicas were washed gently in alcohol first and then in
a 50/50 mixture of alcohol and water and finally pl.aced on copper grids (Cu,
3mm, 200 ffxesh)_ and dried. The grids were observed in the transmission mode
(80 kV) in a JEOL-100 CX electron microscope fitted with a PGT System IV

‘energy dispersive x-ray spectrometer (EDS) for the chemical analysis of

A}

individual particles.

I

3.4.3 BORON AUTORADIOGRAPHY

The technique ef boron autoradiography isrelatively hew and it has been

" epplied to pinpoint the location of boron in the microstructure (89, 90).

Autoradiography takes édvantage of the fact that naturally occurring boron
consists of 18.8% 10B and 81.2% 1!B, and when this is exposed to neutron

" irradiation, the 10B decomposes accordmg to:

10B + ln—7Li + 4He

The alpha particles (He nuclei) generated in this fashion can leave distinctive
tracks on a sensitive film or emulsion placed on the steel surface to be
examined. When studied under phase contrast microscopy, the film clearly,
delineates concentrations of boron in the microstructure. \

The first stage of sample preparation' was the same as for optical
microscopy. Then a strip of sensitive film (Kodak I.LR115) was squeezed against

" the'top of each sample. The samples were placed in an aluminum holder and

then inserted into the neutron radiography facility of the NRX nuclear reactor




at AECL iri Chalk River (Fig. 3.8(91)). The samples were exposed for 385 hours
toa fluence of 5 x 1014 neutrons/cm2. After the above treatment, the samples .~
were removed from the reactor and the film was etched for 5 min. in a basic
solution (10% NaOH and 90% distilled water) at 65°C. Then the film was

. examined under top illumination in an optical microscope. Finally, the
photographs were taken with a Polaroid typ‘e 55 film. )

hY
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. to 1100°C.

CHAPTER4

EXPERIMENTAL RESULTS

The aim of the present research in its broadest nterpretation was the
investigation of the influence of boron on the softening processes taking place
in hot worked austenite under both static and dynamic conditions. In
particular, there were three detailed objectives to b‘e dealt with, ’namqely: Funy

1) To determine the effect of boron addition on the
recrystalhzatlon behaviour of hot worked austemte

2) To investigate the possible synergistic influence of niobium
plus boron when added Jomtly and. to explain the roles of
. ,moblum and boron in this phenemenon

3) To consider the implications of the niobium plus boron
" interaction on the rolling schedules appropriate to ultra low
. carbon bainitic (ULCB) steels. '

In order to fulfil the above goals, two distinctly different sets of
experiments were carried out on the four steels listed in Table 31 The first‘set
of experiments was comprised of interrupted hot compression tests always
performed at a constant true strain rate of 2 s-1 in the. temperature range 900

L}

_The amount of prestrain was varied from 12 to 50% and the lpad-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 different predeformation conditions (12, 25 and 50%). In order to
- study the influence of boron on softening under dynamic condition§,

uninterrupted stress/strain curves were a@lso 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

\
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parameters var@ed in this part were: the austenitization temperature (in the
range of 1050 to 1250°C), the test temperature (in the range of 1000 to 1100°C),
and the strain rate (in the range of 10-3 to to 0.5 s-1).

4.1 STATIC SOFTENING RESULTS

4.1.1 FLOW CURVES OBTAINED IN INTERRUPTED COMPRESSION

TESTS B

Selected sets of true stress-true strain curves are presented in Figures
4.1t04.4. 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 and test temperatures, 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 the base (Fxg 4.1) and boron (Fig. 4. 2)
steels reveals two important observations:

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

R " for both steels (unloading stress of about'120 MPa). “This

‘ suggests that there is little streng@hemng of the base steel
when boron is added. ‘

(ii) The difference in the amount of softening after the same
holding time during the load-free interval (2 seconds) is not
very large, indicating that the siﬁgle 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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- (" e . (i), The stress-strain curve for the first compression is almost
- the same (unloading stress of about 144 MPa) and again the
addition of boron (to the niobium steel in this case) does not
significantly influence the stress level. The difference in

' unloading flow stress between the base and niobium steels
(about 24 MPa) can therefore be attributed solely to the

addition of the Nb.
’ &,

(i)  After increasing holding times (from 20 to 100 sec']onds) and
a for the same steel (Nb or Nb + B), larger amounts owf

1 softening qi‘e observed.

(iii)  For the same holding times (20 or 100 seconds), there is a
: - ' . considerable difference in softening between the two steels,
‘ indicating that boron has a strong retarding action when
' niobium is present,.
» v -
(h _ ’ * The above resylts represent only a small fraction of the experimental
) 0yvu\0rk conducted in this part of the investigation. Readers interested in the
" effect of temperature, prestrain and alloy composition on the actual shape of the
flow curve and on the values of the flow stresses developed are referred to
Appendix I. Here about one thérd of the compx:ession curves are presented in
the form of a single set per experimental condition. In the next chapter, the
influence of the experimental conditions on the softening behaviour of the

different steels will be e:gémined in much rnore detail.

-4
~

41.2 ‘FRACTIONAL SOFTENING DETERMINED BY THE OFFSET -
METHOD .. ‘ ;

The complete fractxonal softening "vs. holding time curves for all the
experimental condmons are presented in Figures 4.5 to 4. 8, These results were
determined \by the offset method and the conditions and materials employed are
indicated on each diagram. Two regions can be distinguished in all the curves:
C the static recovery region, which corresponds to small amounts of softening -

' (usually about 20%), and the static recrystallization region (from 20 to 100%

3
« . ,
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séftening). The two softening processes overlap at around 20% and the
transitica from one mechanism to 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 in Figs. 4.5(b) and 4.7(b) for prestrains of 0.25 and 0.50,
respectively.

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
pi‘estrain 0f 0.25 for the INb (open symbols) and the Nb + B (full symbols) steels.
Itisevident from theresults that: (i) the presence ofboron in solution leadsto 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 due to boron addition at 1100 and 900°C; (iv) at test
temperatﬁres 0f 1050 and 950°C, there is an appreciable difference between the
behaviour of the two steels, although the magnitude of the effect is less than
that observed at 10'00°C. It should be noted that at 900°C, softening is very slow
and there is a possibility that the precipitation of NbC (in the two steels) and
Feg3(B,C)¢ (in the Nb + B steel) takes place.

In Figure 4.5(b), the fractional softening associated with the static
recovery process is plotted for very short times. Clearly the recovery part is

retarded at the earliest times, as is the overall recrystallization behaviour.

The softening behaviour-of the base and base plus boron steels tested at

© 900 and 1000°C after a prestrain of 0.25 applied ata strain rate of 2 s-1 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 be drawn: (i) the softening process in the baseand
base plus boron steels proceeds much more quickly than in the Nband Nb + B
steels; (11) the sole addition of boron to the base steel does not appreciably retard
the soffening process; (iii) the niobium addition to 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 niochium to the base steel. It is
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readily apparent from the above that the combined addition of niobium and
b&ron produces a synergistic retarding effect.

The above observations clearly suggest the presence of a solute- drag
effect. If this interpretation is valid, the retardation 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 different amounts of
predeformation, namely 0.5 and 0.12. Increasing the amount of the prestrain
increases the velocity of the recrystallizing grain boundaries through its effect
on the dislocation density and hence the driving force. Decreasing the amount
of the prestraining, by contrast, has the reverse eifect.

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 also apparent that the time for 60 percent softening (equivalent to 50%

recrystallization because of the occurrence of about 20% softening by recovery)
for the niobium plusboron steel at the temperature of greatest retardation is
approximately 100 seconds, as in the previous case of the 0.25 predeformation.
The softening curves also indicate that: (i) NbC precipitation may begin at
about 200 seconds in the Nb steel at this temperature; and (ii) the addition of
boron appears to 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 stéels 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. Furthermore, because the temperature
range of these experiments is relatively high, the retarding effect is unlikely to
be due to the occurrence of precipitation, but is more likely to involve some kind -

of solute drag.
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4.2 DYNAMICSOFTENING RESULTS -
4.2.1 FLOW CURVES OBTAINED IN COMPRESSION

Typical sets of compression flow curves are presented in Figures 4.9
through 4.11. These curves represent a small portion of the work conducted in
the full investigation and are selected so as to illustrate the effect of different
parameters 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 work hardens. As the rate of recovery increases with strain, the net

rate of work hardening decreases with strain. Finally, dynamic
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 comparison of these flow curves, the following observations can
be made: (1) the aﬂdit_;ion of Nb to the base steel increases the peak stress of the
flow curve; (ii) the addition of boron to the base and Nb steels does not increase
the peak stress; (iii) the peak strain (gp) pertaining te the Nb flow curve is much
larger than 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 peak strain (mainly in the Nb steel), and also increases the
recrystallization strain (£4). (Note that the time, t, to reach a selected strain, ¢,
at a given strain rate, €, is t = ¢/£). The présence of boron therefore also
appears to retard the softening procéss.

In Figure 4.10, flow curves determined on the Nb + B steel at three
different strain rates are depicted. Asthe strain rate is increased from 0.001 to
0.1 s1, the following changes in the shape of the flow curve can be observed: (i)
higher strain rates produce flow curves with higher stress levels; (ii) 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 strain rate of 0.1s-1
and mulxtiple peaksata strainrate of 0.001s-1.

r
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The effect of austenitizing temperatureisillustratéd in Figure 4.11. The
'Nb steel selected for these experiments was austenitized at 1050, 1100, and
1150°C for the same time (10 minutes); it was then deformed at 1050°C to a
strain of 0.8. The austenitization temperature clearly influences the initial
austenite grz;tih size (higher austenitization temperature leads to larger grain
size) and the dissolution of precipitates. High temperatures can also be
expected to decrease the degree of segregation of the solute atoms within the
material. The differences in the flow curves, which are not great, can be
attributed mainly to the differences in initial grain size and are the following:
(i) there is little difference in the stresslevelsof the three flow curves; (ii) when
a higher austenitization temperature is employed, leading to a larger initial
grain size, larger peak and recrystallization strains are produced; and (iii)
small 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) resultsin a single peak (grainrefinement) flow curve.
7
4.2.2 DEPENDENCE OF £, AND £ ON DEFORMATION CONDITIONS
The effect of deformation parameters such as strain rate and the test and
austenitizationw temperatures on g and gy (ogset and duration of
recrystallization) is illustrated in Figures 4.12 to 4.14. Figures 4.12(a) and (b)
depict the effects of test temperature on the critical strain €, (Fig. 4.12(a)) and
on the recrystallization strain ¢, (Fig. 4.12(b)). For all four steels, ¢, and &
decrease as the test temperature 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 determination by
compression testing at 950 and 900°C, the temperature condition associated
with maximum retardation could not, unfortunately, be established.
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The influence of austenitization temperature on the onset strain for
dynamic recrystallization as well as on the recrystallization strain can be seen
in Figures 4.13(a) and 4.13(b), respectively. For all steels tested, the values of
€p increase with austenitizing temperature. This is probably related to the
differences ininitial austenite grain size. Highg\x;austenitization temperatures
produce larger grain sizes and, therefore, fewet nuclei for recrystallization.
(Recrystallization is usually nucleated on the prior austenite grain
boundaries.) The detailed results giowing the influence of austenitization

temperature on grain size will be presented later.

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 léssat 1250°C. Lower reheating temperatures than 1050°C were not
employed because the NbC precipitates would have remained undissolved.

Finally the dependence of ¢, and €y on testing strain rate is shown in
Figurds 4.14(a) and 4.14(b). Her® it is evident that whereas there is little
diffefence between the base and base plus boron steels, the difference in £, and
€x between the Nb and Nb + B steels are strain rate dependent and that the
retardation die to boron addition is at a maximum at strain rate of 0.1 s-1. The

v N - ..
difference decreases as the strain rate is increased to 0.5 or decreased to
"0.001 s-1.

4.3 METALLOGRAPHIC RESULTS

4.3.1 OCCURRENCE OF PRECIPITATION DURING STATIC
RECRYSTALLIZATION

In order to investigate in what form (solute or precipitate) boron
influences the 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 obtained are presented in
Figures 4.15 to 4.22. The sample shown in Figure 4.15 was austenitized at

11b0°C for 15 minutes; the temperaturexwaso then lowered to 1000°C, the., —
_ sample deformed 25% and quenched immedfately after deformation. The
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" Figure 4.15 Undissolved TiN precipitates in a Nb + B steel solution treated and
then deformed 25% at 1000°C and immediately quenched.
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Figure 4.16 Undissolved TiN precipitates in a solution treated Nb + B steel
deform:ad 25% at 1000°C and qélenched 100 seqonds'after deformation. °
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Figure 2\18 Undissolved MnS precipitates in a solution treated Nb steel deformed™
25% at 900°C and quenched after 100 seconds. -
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Figure 4.19 X-ray spectrum analysis of the MnS precipitates

shown in Fig. 4.18.
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Figure 4.20 Comparison of the precipitates in solution trea-t.ed Nb and Nb
steels deformed 25% at 900°C and quenched after 1000 seconds.
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and Nb + B (qu steels deformed 25% at 900°C and quenched after 1000 seconds.
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micrograph reveals the existence of a small number of large precipitates which
remained undissolved. Similar coarse precipitates were observed when the
sample was qunenched 100 seconds after the deformation (Fig. 4.16). As canbe

“seen from the spectral analysis of these precipitates (Fig. 4.17), they consist

mainly of TiN, which forms at very high temperatures; sometimes there was a
small additional peak indicating the presence of some undissolved NbC close to
but separate from the Tl\\‘J 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 therefore included here.

The remaining diagrams, Figures 4.18to 4.22, pertainto Nband Nb + B

' steels deformed at900°C and quenched after 1000 seconds. The'large round’

particles shown in Figure 4.18 were found to be MnS (Fig. 4.19). This type of
precipitate also forms at high temperatures and several examples were

detected in the 1000°C saraples as well. In Figure 4.20, a Nb anda Nb + B

sample are compared; the spectral analyses of the precipitates shown indicate
that NbC particles of considerable size are present close to the TiN particles
(Figure 4.21(a)).

In the Nb + B sample, there are more precipitates per unit area and
there are also some additional fine particles. The micrographs in Figure 4.22
depict the same area of the Nb + B steel at two different magnifications and
the spectral analysis of the large grain boundary precipitates indicates an Fe
peak (Fig. 4.21(b)). The above finding confirms that the grain boundary

precipitates are Fe23(B C)g, an observation that is consistent with SImllar

‘reportgin the literature (26, 31).

4.3.2 BORON AUTORADIOGRAPHY RESULTS

The location ‘of boron inside the microstructure after different
experimental pretreatments is illustrated in Figures 4.23 to 4.26. Here the
autoradiographs can be compared with the photomlcrograph for the steel
(Nb + B) in the same condition. The sample shown in Flgure 4.23 was
quenched in water from 1000°C after aust&emtlzatxon at 1100°C. The
autoradxograph(Fxgure 4.23(b)) shows no clear ‘evidence of boron segregation

a
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Figure 4.22 Fe23 (.B‘, C)e precipitates at a y—g}ajn boundary in a solution treated
Nb + Bsteel deforme& 25% at 900°C and quenched after 1000 seconds. '
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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 1000°C and immediately quenched. The grains

are evidently flattened and the corresponding autoradiograph (Figure 4.25(b))
indicates that boron segregation has not taken place at the grain boundaries.
Figure 4.25(a) shows the microstructure of a sample austenitized at 1100°C and
deformed at 1000°C to a strain of 25%. The sample was quenched after an
isothermal holding time of 60 seconds. The process of-static recrystallization is
almest at its beginning and clearly there is some boron segregated at the grain
boundaries (Figure 25(b)). Finally, when the isothermal holding time was
increased to 600 seconds (almost at the end of recrystallization) a considerable
amount of boron segregated at the recrystallizing grain boundaries can be
observed (Fig. 4.26(b)). i ’

)f’ .

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
for 15 minutes at 1250, 1150, 1100 and 1050°C and water quenched. As the,
austenitization temperature is increasesl, the initial grain size increases, as can ‘

be seen in Figure. 4.27.
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CHAPTER5 - - N

DISCUSSION

During deformation at a strain rate and temperature of interest in hot
working operations, all metals undergo work hardening and dynamic recovery,
and some may undergo dynamic recrystallization as well. Most metals and
alloys are hot worked under interrupted, non-isothermal deformation
conditions, such as in comfrkercial forging or hot yplliné, where the incremental
strains are small and ger,ierally do not reach those requirad to attain steady
state conditions. In such interrupted operations (where the strain involved in a
single pass € very seldom exceeds the critical value for dynamic
x:ecrystallization and consequently dynamic recrystallization nuclei are fiot
formed), softening by static recovery is followed by static'recrystallizatic{n

" during the interpass times. The rate of classical recrystallization is a function

of temperature T, driving force and density of nucleation sites. The latter two
in turn depend respectively on (i) the local difference in dislocation density and
(ii) on the grain size dy, since nucleation occurs preferentially at grain
boundaries. The dislocation density differences are proﬁprtional to’ the
dislocation density itself, which depends on the Zener-Hollomon parameter Z
and the predeformation €p. The effects of temperature, prestrain and initial
grain size on the rate of recrystallization were investigated in the present work
and, for ease ofipresentation, the results obtained under static and dynamic
conditions will now be discussed separately.

5.1 STATIC STRUCTURAL CHANGES

In the present investigation, the influence of two out of the above three
parameters, namely the temperature and prestrain, was investigated under
static conditions. 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 sigmoidal 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 -
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k]

nucleation and growth, and under these conditions the results can be fitted to
the Avrami equation (93, 94)

x = 1 — exp(- kt") (5.1)

where x is the fraction of the material transformed or recrystallized, t is the
time, k is the rate constant and n is an exponent.

v

5.1.1 CALCULATION OF THE PARAMETERS k AND n
Equation 5.1 can be rewritten as follows: N
1 — x = exp(— kt")*

-~ In(1 - x) = kt®

) logmln(ll_x):logmk%-nlogmt ‘ (5.2)
From Equation 5.2 it is apparent that the slope of the log1g In(1/1 — x) versus
log1ot plos will be equal to n and that the value of the ordinate at t = 1is log k,
from which the value of k can be derived. Such a plotisdisplayed in Figure 5.1,
where the experimental data were obtained from the Nb and Nb + B steels
deformed to € = 0.25 at 1050, 1000 and 950°C. The most interesting feature of
this plot is that, instead of obtaining a single straight line for each steel tested
at a given temperature, there are two segn}en\ts to each fit. Also the slopes of
the two linear parts change at values of softening of about 25%. The above
indicates that there are two softening processes tak‘ing place: (i) static recovery,
(from 0 to 25% softening) and; (ii) static recrystallization (from 25 to 100%
softening). The values of k and n for recovery and recrystallization were
therefore measured separately, by following the method introduced by Luton
(95).
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;‘;} . For the analysis of recovery, it is useful to define an éxpression for the
~ fractional recovery in which full recovery is-represented by the reloading stress
0.. When only recovery is taking place, the fractional softening is given by

o OO (5.3)

Here opy, is the flow stresé‘immediately before unloading and o4 and oy are the
initial flow stresses recorded during prestraining and reloading, respectively.
The superscript r is used here to denote the softening fraction attributable to

_Tecovery onfy. - It follows that the fractional softening at the completion of
recovery X', is given by '

o -o, | L (54)

/
>
1

b
L
|
Q

3
}
°Q

X m Y ’ . -
. (5.5)
X

" The experimental quantities X* and X" can be substituted into equation
(5.1) to yield the following equation

X' = X"(1 — exp(— k* tn") “ (5.6)

The values of the time exponent n* and the rate constant k* for recovery
only can be obtained from plots of logig In(X'/X", — X) vs. logyg t.. The
saturation level of X", was chosen to be 0.25 for this purpose. T

> ‘ . ‘
g’} . A similar approach was followed for the case of rgcrystgllization and the
= equation that resulted is given by
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XP = XRo(1 — exp(— kRtnR) (5.7)

where XR, = 0.75,t = t — t, and t, is the time for 25% softening in this case.
P
The overall softening produced when the two restoration processes occur
together isin general given by the sum of the individual components as:

' X = X* + XR _ (5.8)

4

'5.1.1.1 Static Recovery

In Figures 5.2 to 5.4, plots of log1p In(X's/X", - X*) versus log(t) are
presented calculated from the experimental softening curves for prestrains of
12, 25 and 50%, respectively.

A number of observatlons cah be made from these plots: (i) for a given
predeformation, material and test temperature, the data are well reprgsented
by straight lines; (ii) the slopes of the lines (when g, is constant) are similar and
do not depend on the material cnemistry or test temperature; and (iii) as the
nredeformation is'increased from 12 to 25 to 50%, the average siope (nf)
increases from 0.46 to 0.61 to 0.77, respectively. Clearly the intersections of
these lines with the vertical correspondmg tot = 1 are changing and the values
of'k® obtained in this way increase with temperature.

Furthermore, k’ is seen to increase from 0.33 to 0.72 to 1.40 as the
predeformation of the Nb steel tested at 1000°C is increased from 12 to 25 to

~ 50% (Table 5.1). A similar dependence of the rate constant (k) on temperature
-‘and strain was reported by Luton and Jonas (95) for ETP copper, but the

numerical values were different. However, in contrast to the results of the
above investjgators, the time exponent n* in the present werk depends on
deformation’(Table 5.1).

1
Figure 5.5 shows the dependence of the time exponent n’ on the’strain,

and this dependence can be expressed by an empmcal formula as:
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TABLE 5.1 - Empirical Constants k" and n* Obtained from the Softening

7~

Data

<

Recovery

>

100.

——

~-

Prestrain 6.12, Strain Rate 2s-1

Nb Nb + B
Temperature °C n‘ average
kl‘ nl‘ kl" nf
1050 0.65 | 0.49 | 057 | 048
0.46
1000 0.33 0.44 0.24

0.44 <

Prestrain 0.25, Strain-Rate 2s-1

Prestrain 0.50, Strain Rate 2s-1

Nb Nb + B
Temperature °C , - n’ average
. kr nt ‘ k* n’
1050 150 | 064 | 110 | 063
1000 0:72 0.60 0.47 0.60 0.61
- 950 0.32 0.60 0.27 0.59 i

|00 2000 Sl

S SO

Nb | Nb + B
Temperature °C *hraverage
kr n’ ke n’
1000 140 | 080 | 1.00 | 077 '
‘ s o 0.77
950 0.72 | 074 | 026 | 077
;

e
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n* = £,036 o (5.9)

Therate éoefficient was found to depend on both temperature and strain

through an empirical expression of the form

R | . (5.10)
= (t;)exp(-RT)

where A'(€) is a constant depending on the strain. The slopes of the In K' versus
mverse absolute temperature curves ‘for'the Nb and Nb + B steels tested at
prestrarns of 12, 25 and 50% (Flg 5.6) provided the values of the activation
energles for the two steels ( Qr,% = 193 KJ/mole, Q" , 3 = 249 KJ/mole). The
intersection of the above lines with the vertical axis provided the values of the
pre-exponential term (Af). By plotting In A and logio In AT versus g¢p and
log1o €p (Fig. 5.7), resbeqtively; empirical expressions for In A" were obtained

for the Nband Nb + B steels as follows.

l

In Ay, -= 19.46 -£,0 0645 . (51D)
“InAt, ,p=25.10-850066 9 (512)
5'.1.1.2. Static Recrystallization

By using an approach similar to that of the static recovery case,

log1o lrﬁXRm/XRn - XR) data were plotted versus logio (t : ‘to“) for’ the
- determination of n® (see Figs.-5.8 to 5.10). Here tyis the incubation time (time

for 25% softening). The values of KR obtained in this'way are listed in Table
5.2. The only new observation which can be made here-is that the average
value of nfdoes not vary much with predeformation and terriperature and has a
value of approximately 0.9. A similar overall dependence was reported by
Luton et al. (95) for ETP Cu, but their value of nfwas 2.2,

-
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TABLE 5.2 - Empirical Constants k® and n® Obtained from the
- Softening Data |

Recrystallization

o

Prestrain 0.12, Strain Rz}te 2gl

Prestrain 0.25, Strain Rate 2 s-1

Nb Nb+ B
Temperature °C nR average
kR nR kR | nR
1050 0.017 0.9 0.056 091
- 0.86
1000 0.004 0.8 0.002 | 0.82
R —— » L

T I Y I RV oLy P

Nb + B

Nb
Temperature °C nR average -
kR nR kR nR
‘1050 0.180 | 1.00 |0.13 0.95
1000 0.030 | 0.91 ]0.07 1.00 0.95
950 0.004 | 0.85 |0.0012 | 0.99
| e

Prestrain 0.5, Strain Rate 2 s-1
Nb - Nb + B
Temperature °C - nRaverage
’ kR nR kR nR
1000 0.16 0.91 0.11 0.95 '
0.90
950 0.04 0.85. 1 0.01 0.91
~
.
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The rate coefficient for recrystallization (k") was found to vary, asin the
recovery case, with temperature and predeformation. kR can therefore be
related to inverse temperature and prestrain by the expression:

R

o Q (5.13)
R _ AR _
K} = A"(e)exp( RT)

where the constant A® again depends on prestrain.

From the plots of Figs. 5.11 and 5.12, the values of the activation enelrgy .
QR (QRy, = 509 KJ/mole, Qf, ., ; = 638 KJ/mole) and AR were calculated to be

InAR, = 49.60 ¢,0 08 (5.14)
a INAR, o= 60.30 - £,005 (5.15) -

The validity of the above empirical expressions was tested for the Nb and
Nb + B steels as follows. A test temperature of 1000°C was selected, with
predeformations of 0.12, 0.25 and 0.5, and a strainrate-of 2s-1. Equations5.9 to
5.12 provided the values of the parameters n” and k' from which the softening
due to recovery xf(x’. = 0.25) was estimated from Equation 5.6. Similarly
Equations 5.13 t05.15 provided the value of the parameter k®(n® = 0.9, see Fig.
5.13(a) for incubation time t;) and, with the aid of equation 5.7, the softening
due to recrystallizafion XRKXR, = 0.75) was estimated. The total softening is
the sum of these two softening components (Eq. 5.8), In Figure 5.13(b), the
individu'al valuesof X* and X® are plotted, as well as the total softening X, and
these are compared with the experimental data (open symbols). In addition,
from Figs. 5l13(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 static softening for any
temperature and for deformation in the range of 0.10 to about 0.60 can be
readily estimated.
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5.1.2 STRAIN DEPEN DENC,E'OI:‘ STATIC RECRYSTALLIZATION
The effect of strain on static recrystallization can be seen in Flgure 5. 14,
where the results for the Nb and Nb + B steels held at 1000°C after different
‘prestrains are presented. .

Clearly, the process of recrystallization is speeded up as the. pres"crain is
increased from 0.12 to 0.25 to 0.50. The. effét of prestraining can also be
_evaluated from the time‘for 50% recrystallizationi (approximately 62.5%
.goftenmg) to 5. The present data were plotted in this way f'or several
temperatures and the results are shown in Figure 5.15. The pomts for the
various temperatures can be fittéd by sti’aigﬁt lines and these are

approximately parallel.

Estimates of the slopes of these lines g’lve values that vary from — 3.4 to '

— 4.0. Thus tg 5 can be expressed -

tos=Acym N A TR

where A is a constant and m is the slope.

-

Barraclough ard Sellars (96) found a smular effect of strain at small

 strains, which they reported as

#

tosxepd 6D

for C-Mn steels. ‘ . T T
It should be not;ad’that the above stx:ain depenﬂén‘ces are only valid well

before the peak in the stress/straln curve is attained. As the peak is
approached, the s pendence decreases and approaches zero by the onset

* of steady state defot’matlon. Similarly there is a lower limit of strain to which
this relationship (Eq. 5.16) is applicable and which is uncertain as the critical
strain for static recrystallization has notreceived systematic’st'udy. The data of

-

o
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Morrison (97), for example, indicate 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 than 0.055 for high carbon steel at 780°C. The above subject merits

further study because low strains are frequently applied in the final passes of
plate rolling and these could have 51gn1ﬁcant effects on the final grain size if
they are in the vicinity of the critical strain for static recrystalhzatxon

5.1.3 TEMPERATURE DEPENDENCE OF STATIC RECRYSTALLIZATION

Static recrystdllization s clearly a thermally activated process and the
effect of temperature can be seen from the softening curves presented in
Chapter 4 (Figs. 4,5(a), 4.6, 4.7(a) and 4.8). Obviously, as the temperature is
increased, the time for the completion of recrystallization is reduced. The
temperature dependence can also be described in terms of the time for half
recrystallization (tg 5), which can' be plotted against the inverse absolute
temperature. This is done in Figure 5.16 for the plain carbon, boron, niobium
and niobium plus boron steels submitted to a préstrain of0.25. For comparison .
purposes, the data for the Nb and Nb + B steels tested to prestrains of 0.12 and
0.5 are also plotted. The data points for each steel pertaining to a single
prestrain fall on straight lines. The recrystallization data can therefore be
expressed as an empirical equation of the form

L - (5.18)

where R is the gas constant (8.31 J/mole-K) and QR an activation energy
associated with recrystallization.

o

A

The physical significance of QR is not completely understood. There is
good reason to believe that more than one process is involved in
recrystallization, so that Q® cannot be relatéd to a single simple process.
Furthermore, for the ‘activation enf_:rgy’ to be strictly valid, the microstructure

[~ s
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(particularly the dislocation density and substructure) must be identical at the
start of each experiment carried out over the full temperature ranfge. This can
be done by using a different strain rate at each temperature so as to keep the
value of Z = ¢ exp(Q/RT) constant (87), Due to the complexities involved, this
approach was not employed in the present investigation. It is best, therefore, to
consider the measured recrystallization activation energy as an empirical
constant the magnitude of which simply characterizes the ease of -
recrystallization. Average values of the activation energies determined in the
present experiments (slopes of the lines in Fig. 5.16) are presented in Table 5.3.
It can be seen that the activation energy increases from 240 for the base steel to
541 KJ/mole for the Nb + B steel when deformed to ¢, = 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.

N

TABLE 5.3 - Measured Activation Energies for Static Recrystallization

(Kd/mole)
' ‘ Strain
Prestrain Base B - Nb Nb+B | I(latle
s-1)
10.25 240 250 | 520 541
0.5 ~ — 509 521

The activation energy for the base steel.is somewhat smaller than a
previously reported value (272 KJ/mole) (99), but this can be attributed in part
to the smaller initial grain sizes used in this work, which are in turn linked
with the influence of the TiN particles which are present during reheating.

Finally, when the predeformation is increased from 0.12 to 0.5, the
activation energies for the Nb and Nb + B steels decrease from 562 to 509 and
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598 to 521 KJ/mole, respectxvely This is accounted for most sunply by the
increase in the driving force with increased prestrain.

5.14 STATIC RECRYSTALLIZATION-TIME-TEMPERATURE (RTT)
CURVES

The construction of RTT diagrams is very important because they
provide information useful to industrial metallurgists about the start and the

end of recrystallization. .

N

To signify the start and finish of static recrystallization at each
temperature, the amounts of 30 and 90% softening have been selected from the
softening curves presented in Chapter 4. The recrystallization start (Rs) and
finish (R¢) times can be seen in Figures 5.17 and 5.18 displayed as functions of

"the holding temperature. Clearly, the single addition of boron to the plain

carbon steel retards the start and finish of recrystallization, but on.iy by a small
amount. The addition of Nb produces a large retardation in both the R; and Ry

‘times dnd the above finding is, of course, in general agreement with many

observations in the literature. The combined addition of Nb and B produces the
greatest retardations, and these are larger than the sum of the individual
retardations attributable to each element. Furthermore, the relative difference
between the Nb and Nb + B steel first increases as the temperature is
decreased, reaches a maximum, and then decreases again. Theé location of this
“knee” depends on the predeformation condition, but it has nothing to do with
the process of precipitatioh 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 absence of second

phase particles.

5.1.5 INFLUENCE OF BORON ON CARBIDE PRECIPITATION

i

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 and intracrystalline carbide precipitation. The

modification they described consisted of changes in the nurn}ﬁer and spatial
distribution 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 segregates at the grain
boundaries prior to or simuItaneously‘ with carbide precipitation and that there
is boron present within the carbides (100). It is therefore of interest to examine
the role of boron in modifying the various factors that control the nucleation of
carbides. ‘ ' '

One possible way in which boron may influence nucleation is by lowering

the éctivity/of carbon if the matrix or in the precipitate (101). The latter would P
decrease the chemical free energy term in the nucleation activation energy for
precipitation, The influence of small quantities of boron on the surface ehergy
“term do not appear to be very plausible and the gstiméfed.change in austenite
grain’ boundary energy due to presence of boron is indeed very srnall (18). The
most interesting possible explanation comes from the indicéti_or_l’ that boron
reacts with vacancies to form boron-vacancy complexes (45, 46). These are
faster diffusing species than single vacancies and can therefore reach the
‘nucleation site more quickly. The enriched supply of v“acancies at the nucleus

can.then accelerate the process of nucleation.

~ If the above proposal is correct, experimental variables such as the
amount of prior defoﬁnation, the preceding heat treatment and cooling rate
which strongly influence the number of vacancies and consequently of boron-
vacancy pairs, will have a large effect on éﬁqe morphology and kinetics of

»

precipitation. )

5.1.6 THE ROLE OF BORON IN THE SOFTENING PROCESS

Themprésent investigation has shown that single B addition to a base .
steel is of only small significance in i'etarding austenite softening, while the
combined addition of Nb and B leads, through a synergistic effect, tolarge
retardations. Furthermore, the relative difference in retardation between such
Nb and Nb + B steels is not constant, but dépends on. the amount and
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temperatux:e of the deformation. The above observations lead to the following
questions: (i) In what state (as precipitates, clusters or in solid solution) are the
‘solute atoms when they retard the softening process? (ii) What is the
mechanism responsible for the syne'rgistic action? (iii) Why does the relative
&iﬂ'erence in retardation between the Nb and Nb + B steels depend on the prior
formation conditions? g

o

)

Well substantiated answers to the above questions are difficult tc;
provide; nevertheless, some explanations consistent with the results of the
present investigation and with results reported in thé Titerature will now be
examined in turn. :

'5.1.6.1 Stateof Solute Atoms During Retardation of the Softening Process

It is well known that foreign atoms within the host material can be found
"in three different states, depending on the composition and experimental
conditions. The first state involves foreign atoms which combine to form second
phase particles or précipitates.‘ These particles are able to retard or even arrest
recrystallization completely if they are fine enough (less than 100 A) and are
finely dispersed within the matrix. Under these conditions they exert drag
forces on the moving grain boundaries which oippose the driving force. If, on the
other hand,\they are sufficiently coarse, they have no effect at all.

The second state’ ha§)to do with “associated solutes”, a concept introduced
by W.C. I_@she (102). Accordmg to this idea, two or more solutes, which display
a strong attraction for each other, can be assoc1ated in solution, forming a type
of cluster. Such clusters can interact strongly with dislocations, retarding
recrystallization or strengtheniilg the material to a greater degree than in the
absence of such’ aggregation. The relevant solute may be any combination of
1nterst1t1a1 or substitutional elements and the results are most pronounced

when these are present in very low toncentrations.

Finally, the thix"c} state is that of solid solution, where the solutes remain
dissolved in the lattice ¥f the material. Solute atoms can also interact with
_dislocations and grain boundaries, causing both solute strengthening as well as
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i

the retardation of recrystallization, as discussed in the lijterature review
chapter.

The possible presence of precipitates was investigated as described above
with the aid of carbon extraction replicas. For this purpose Nb + B samples
were austenitized at 1100°C for 15 minutes, deformed at 1000°C at a strain rate
of 2 s-1 to a strain of 0.25 and then quenched immediately after deformation. A
second set of samples 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 revealed the presence of coarse TiN and MnS particles
which were judged to haveformed at high temperatures. Because of their size
and distribution, they were considered not to be able to interfere with
recrystallization. F

Although verification of the existence (or absence) of associated solutes is
difficult, tie 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
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 of boron 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 900°C, the relative difference in
retardation first increases and then decreases. If clustering is taking place, the
relative difference would be expected to increase monotonically: this is because
the undercooling or driving force for precipitation (and therefore for clustering
as well) should increase as the temperature is decreased. In other words, more
clusterin& should take place at 950 than at 1000°C, and consequently, the
relative difference in softening should be greater at 950 than at 1000°C.

Two of the three possible states of foreign atoms can therefore be
rejected, leading us to the conclusion that the foreign atoms are most likely to
be acting as solutes in the temperature range of interest (1100 to 950°C).

‘I‘:‘{? ) ~



128.

5.1.6.2 TheSolute Drag Theory and Substitutional Solutes

An explanatioh of the results of the present invest:.igation requires a
more detailed familiarity with the solute drag theory than can be gained from

.the literature review presented above. This model will therefore be examined

more closely below. According to the theory, the drag exerted on a moving
boundary by the atmosphere of solute atoms trailing it is not a linear function
of its velocity.: Instead, the drag first increases with the velocity, reaches a
maximum and then decreases. When the velocity of the grain boundary is
relatively high, the solute atoms can no longer follow the boundary. It breaks
away at this point and recrystallization occurs very quickly, almost as fast asin
a pure material. This theory was originally developed for pure materials with

.small amounts of a single impurity. However, here we will assume that it is at

least qualitatively valid in the present types of materials.

The mathe;xlgtical formulation of the drag force P; as a function of the

velocity V is given by Cahn as: .

NG, e | - (5.19)
R P‘ = F{_FV_ I:; E (x)/D(x)dx ‘ .
b
and ‘

sinh%E@V2 KT (5.20)
D(x)

o

s ke
P =4N C VKTI
! v-o Cw

4

_(the symbols Ny, C,, K, T, E(x) and D(x) have been defined in s;:ction 2.4) for the

high and low velocity regions respectively. In the high velocity region

(VB > V3 in Figure 2.10), the drag-increases with the diffusivity of the

impurity; in the low velocity region (VB < }in Figure 2.10), by contrast, the
opposite is true. In both cases, the drag force increases rapidly with the
interaction energy E(x).

o
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A critical quesﬁiqn at this point is the following. How is it determined
whether a specific problem involves high or low drag forces or velocities? For
this purpose, we must rely on the experimental results of Aust an@Rutter (82)
obtalned on lead doped with silver, gold and tin. They noted that the faster
dlfquIng species exerted the greater drag. Consequently, it can be concluded
that they were dealing, according to Eq. 5.19, with the high velocity extreme.
Furthermore, John Cahn (83) has also suggesteéi that almost all work involving
the recrystallization of plastically strained crystals is comfortably in' the high
driving force (high velocity) extreme.
¥
In the case of the recrystallization of hot worked HSLA steéls most
spec1fically when precipitation is not taking place, it has been reported (103,
104) that the retarding ability of the main mlcroalloymg elements (Nb, Ti, Mo,
V, Mn Cr, Ni) per atomic percent at 900°C increases in the following ascending
order: Ni < Cr < {\/In <V < Mo <Ti < Nb. The impurity diffusion
.parameters of the above elements in FCCiron are presented in Table 5.4, Their

" diffusivities at 900, 1000 and 1100°C are listed in Table 5.5. It is of
. considerable interest that the order of the diffusivities of these solute elements

follows the order of their retarding abi_liti}es.' This observation leads us to two
important conclusions: (i) first that if the solute drag theory proposed b‘y Cahn
is valid for pure metals, it is likely to be at least qualitatively applicable to
HSLA steels at high temperatures; (i) secdnd, that the driving forces and
velocities of the recrystallizing grains lie in the high velocity regime.

i

I3 - A

+.5.1.6.2.1 A Qualitative Look at Solute Drag

The above two equatlons for the drag can be combined, as descnbed in
Chapter 2, to produce a more comprehenswe expression valid for all velocities.
‘This is: _ . SN et N

i o wave, S . '(5@\1)
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' TABLE 5.4 - Impurity Diffusion Parameters in y-Iron

& !

Solute Do(10-4 m2/s). | Q(XJ/mole) | IReferen'ces_
{Ni 0.108 273 1106-109 ",
Cr - 0169 1263.9 110,111
Mn 0.178 264 112,113
\% .0.28 264 114
Mo 0.036 239.8 111, 115,116
Ti 0.15 251 117
Nb 5.6 286 118,119

TABLE 5.5 - Impurity Diffusivities in y-Iron -

130.

Solute .’ 900°C ~1000°C 1100°C
: x 10-14(cmZ/sec) | % 10-13(cm2/sec) | x 10-12(cm?2/sec)

————— T

" Ni .7.41 ] 6.69° 4.38
Cr '29.5 24.7 15.2
Mn 30.7 25.8 15.9
\'S 48 .4 40.6 25.0
Mo "74.5 51.4 26.8 |
Ti 98.4 744 TR

~ Nb 101.0 - 1015 72.7

.
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are inversely proportional to diffusivity D. The value of the interaction energy

and § is the grain biu’ndary width (about 5 A). Note that the constants a and f
" Eo can be calculated, asshown in section 2.4, from the equation

CE=i261E2, . (5.22)
o 3 Fe 1.9 -, . e
d§ ~ -
pe ' where
/,//r;:_/ rl"'e =,
rFe i
- ) o ’ ' gy.irOn = (.286, ’ .
o . \,
and -- 1
% ) ", * v , . . —
* . . ) : . ~ B ’ ‘
. X " 091(T - 300y o . /.
G=81x10°01 - ———"—)MPa .- €5.23)
' , 1810

(o\l{-iron = ‘Poisson’s ratio, G = sheér \mod‘ulus for y-ir(;n (120) at a given
temperature T (K)). The atomic radii (r) for several common alloying elemehts g
% S are listed in Table 5.6.

s
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. TABLE 5.6- Atomic Radii of Common Alloying Elements* (A) (121)

3

Radius | 1.274]1.468 | 1. . . . 1.312 | 1.319

*For coordination number 12 ' ‘

<

» -
\ -

~

By substituting the data presented earlier into the above equations, the

drag force versus normalized velocity relation was obtained for pure iron doped
with the various addition agents in turn. The set of relations is presented in
Figure 5.19(a). Furthermore, in Fig. 5.19(b), the drag force versus velacity
profiles can he seen (i.e. without normalization).” The values of the constants a
and B and of the interaétion energies E, employed are given in Table 5.7 as

alculated from Eqs. 5.21(a) to 5.23. For these results to apply to steel in a
qualxtatWe way, it must be assumed at this point that the responses of pure i iron
doped with a single 1mpur1ty and of the present base steel doped with the same
element are similar. The kinetics of recrystallization of the pure iron will of

course be much faster/than those of the base steel under the same deformatlon
£

3
condi tlons

Bearing in mind the above assumptions and qualifications, the profilesof
Figure 5.19 show that the addition of Nb to ‘steel should produce a much higher
drag force (and therefore retard recrystalhzatlon to a greater degree) than the
addition of the same concentration of V ‘

~
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TABLE 5.7 - Calculated Values of a,pand E, at 1000°C

Solute - a (erg sec/mole ¢cm) B (sec/cm) E, (erg)
T BT
Ti 8:32x 1014 2.1x 103 2.99 x 10-13
Mo 5.83 x 1014 . 2.9x103 " 2.03 x 10-13
\ - 25x1015 1.45x% 105 1.14 x10-14 |
Mn 1.21x 1015 ©1.82x 105 6.10 x 10-15

[

This is, of course, consistent with a great deal of experimental observations.
The inagnitude of the maximum drag force depends only on the interaction

energy E,, while the position of the maximum is a function of the interaction -

energy and diffusivity D of the alloying elements. An increase in interaction
energy and/or diffusivity (both increase with size of the substitutional element)
will movethe drag force versus velocity profile towards the region of higher
velocity (Fig. 5:19(b)). For eléments which are similar in size, e.g. Nb and Ti,
the faster diffusing elerment (Nb) is expected to exert the largerdrag.

The effect of teﬁxperature on the drag force vs. velocity curve for Nb can
be seen in Fig. 5.20. As the temperature 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 temperaturé is increased, the velocity of a grain boundary
moving under a constant driving force will increase, a prediction which again is

well documented experimentally.
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5.1.6.2.2 The Effect of the Type of E(x) and D(x) Profiles on the Magnitude of
Solute Drag

At this point of the discussion, two important remarks concerning the
interaction energy E, 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 electronic
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 temperature that they cause.
Second, so far in the present analysis, matrix impurity diffusion (DM) was
considered as the dominant transport mechanism, mainly because the foreign
atoms remain behind the boundary and move in the matrix towards the
boundary. However, it is now known that grain boundary diffusion (DGB)
becomes an important transport mechanism for stationary grain boundaries
when DGB/DM > grain diameter/grain boundary width (122). Also it has been
shown by prfman' and Turnbull (123) that the two contributions to the total’
diffusion flux are equal when the grain sizes and ratios of DGB to DM have the
values shown in Table 5.8. - P

i

rd

TABLE 5.8 - Relationship Between Ratio of Matrix DM and Boundary
DGB Diffusion Coefficients and Grain Size at Which Equal Amounts of
Diffusion Take Place by the Two Processes (123)

DGB/DM Grain Size (pm) T
105 1.4x10
104 . 2.1x 10-1
103 ' * < 10-2
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F:rom the diffusivity data in refereqces (19, 105), the ratio DGB/DM for

- Feat 1000°C was fouad to be approximately equal to 6 x 105

(DGB/DM = 6 x 105). Itisalso suggested in reference (122) that the activation
energy for diffusion along the grain boundaries is approximately one half that
through the matrix; thus by using the diffusion data for Nb given in Table 5.4,
it can be shown that DGB/DM =74 x 105.

Because these two estimated ratios were independently' derived and have
similar values, it seems reasonable to consider that the ratio DGB/DM is
approximately equal to 6 x 105. Now the metallographically 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 boundary diffusivities must be taken into consideration
for the calculation of the drag force vs. velocity profiles. This was done in the
present investigation for the assumed profiles shown in Figure 5.21 (124) (case
I 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. The interaction potentials were arbitrarily chosen as negative,
indicating the adsorption of impurity atoms at the boundaries. The equations
for calculating a and /B2 are given for each case in Table 5.9 and the values for
q, p and Pj max estimated in this way by the present author for Nb and Mo at
1000°C are shown in Tables5.10 and 5.11. "

It is'evident from these results that the calculated drag depends very
much on the type of energy E(x) and diffusivity D(x) profile used. The
interesting point arising from the comparison of the Pj max values in Tables
5.10 and 5.11 is that the Nb drag forces are always higher than the
correspofxding values for Mo showing once again that Nb is expected to be more
effective iniretarding recrystallization than Mao.
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TABLE 5.9 - Theoretical Equations for a and a/B?

/ Profile Combination I

4RT 5 RT E, E,
a RT D Eo 2
BT Q’V':’E(RT) (32)
Proﬁie Combination IT ' \ ,

4RT 5 RT Eof. _ 1\ _ Eo 21
@ = Va DLEo[mhﬁT<l m) jﬁ‘(]‘ m)

DL Eo
(nhRT M)] (43)

[~ 4 : 2RT Eo 11 Daa DL N
BTV ( ) 5(7?7}'711—1) (a4
Profile Combination ITI .
_2RT | & RT 38 B).
AT {4DGB E, (mh sish I BT 4RT">

2 5 (RTV[. . 3B . 9 (EN] .-
+§'D‘L<7:';)\\4[°°Shzm ! 3’2(7%‘1‘")]] (439

_aﬂlg_z __El)_ :DGB+3DLlog DGE/DL ('\6)
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TABLES5.10 - Calculated Values of q,  and Pj max f\or Nbat 1000°C

L
Coxfxlt;ci)gslietion * a(erg sec/mole cm) [3(§EC—/cm) Py max(erg/mole)
1 I 6.43x 1014 1.50 x 103 Co-2.14x 1011
i 6.15x 1013 '1.21 x 100 Co - 2.53 x 1013
v 4.28x 1012 0.56 x 100 Co-3.8x1012
\"A 1.92x1015 - 3.25 x 103 Co-2.95x 1011

o

. TABLE75.1 1- C@lleulated Values of q, f and Pj max for Mo at 1000°C _

~

< Profile

N Combination a(erg sec/mole cm) B(sec/cm) Pi max(erg/mole)
EN B 5.83x 1014 29x108 | Co-1.00x 101l
- 1. m {1 6.03x1013 | 6.92x100 Co ~4.35 x 1012
v . 7.9x 1012 4,22 X 100" Co-9.36x 1011
Vo 1.52% 1015 58x103 .| Co-131x10ll
.
. P |
L -3
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5.1.6.2.3 The Hillert and Sundman Model of Solute Drag

~ In more recent years, Hillert and Sundman (125) have developed a still
more detailed approach to the solute drag force in which the integral
dissipation of free 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 V as:

b

4]
: 1 (2 « dG,-G)) © (5.24)
p=__JQ y BT
1 V)_o B dy - .

¢

where d(Gp — Ga)dy is the driving "forcg for interdiffusion when a solute B
diffuses in a solvent A, Ga and Gg are the chemical potentials of Sglvent and
solute, respectively, and Jg = — Ja are the fluxes. Furthermore, they
developed the followixﬁgu two approximate equations for the low and high

é

velocities:
) . ao ) . l
_RTV , . I‘” 1 [ . A°G ]2 (5.25)
S Y S et O

and

. R v aejr  (5.26
: I “’f D[d—_dy g (5.26)
- . * T VRTV | _a dy 9 '

.where x°,, x°% can be identified as the matrix and alloy compositions
far from the boundary, Vi is the unit volume element and
+dA°G/Mdy = d(Gg — Ga)ldy — RT/xa xg - dxp/dy.

Equations 5.25 and 5.26 are similar to the equations proposed by Cahn
(Egs. 5.19 and 5.20), but they have the following advantages: (a) they can easily

!
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be applied to the whole range of compositions in a binary system;(b) theycan be
apphed ta phase transformations as well as to the migration. of grain

. boundaries in a single phase rhaterial; (¢) they lead to numerical estimations of
" the magnltude of the solute drag because the integrand is everywhere positive;

and (d) the ana1y51s provxdes information on wherethe free energy is dlSSlp&ted
in the boundary For their treatment of grain boundary drag, Hillert and

,Sundman ‘chose the solute- boundary interaction potential profiles shown in

Fig. 5.22. Their calculations were carried out with various values for ‘the
dlfquWIty in the central region of the grain boundary relative to the bulk
diffusivity. Thelogarithm 'of the ratio of diffusivities was varied linearly
through' the two side regions (Zones 1 and 3) of the boundary, where the energy

. was also assumed to vary linearly, F1gure 5.23 shows the solute drag as a

function of migration rate for variable dlffusxvxty and Fxgure 5.24 the drag vs.
migration rate for two different ratios together with the drag contributions
from different zones of the gram boundary '

In Figure'5‘.24.'the pred\ietions obtained from the apprdxirpate equations
presented by Chan (broken lines) can be seen. It isevident that this parficular

- ‘model of the bour;’dary leads to a large deviation from the'appmximate relation

on the low velocity side if the gi'am boundary diffusivity is-much larger than
the bulk diffusivity. Since the approx1mate equations are probably accurate for
low velocities, the results indicate that there is a deviation from the
proportionality between drag and velocity even at low velocities, i.e., even at

‘low Values of the drag. Furthermore they also indicate that the maximum

value of the drag may be much ‘smaller than that obtamed from the
approximate relations.’ This may serlou_sly affect the,,,condl\tlorxs for the
spontaneous transition from the low velocity to the high velocity regime (125).

‘The above observations indicate that, in order to make quentitat}ve predictions

regarding solute drag, it is necessary to know the properties of the boundary in
great detail, a type of understanding which is incomplete }atrt_he present time.
The above analyses have dealt with the effects of substitutional solutes
on grain boundary drag. By contrast,‘we— are inte\rested“he‘re‘ in the influence of
boron, a largely interstitial solute in iron. The development of a solute drag
model applicable to interstitial elements (e.g. C, N, H, B, etc.) is well beyond the
scope of the present mvestlgatxon which was essentially expenmental in
nature. Itmay also not be of primary 1nterest in that it is not the effect of boron
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Figure 5.22 Top diagram: A grain boundary model with four different zones.

Middle diagram: Concentration profiles calculated for three migration raies.
Bottom diagram: The integrand in the calculation of solute drag from the
concentration profiles (125). | ’
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addition as such that is at issue, but rather the effect of the joint addition of
Nb + B. Accordingly, the synergistic effect can be'analyzed instead in terms of
how B addition modifies the solute drag produced by Nb when both are preSent
in combination. ‘If the improved analysis of solute drag proposed by Hillert and
Sundman is correct, as well. as fheir representation of the grain boundary
regions (Fig. 5.22), the addition of boron to.steel can increase the drag in three
different ways. 1) By increasing the matrix diffusivity of Nb, which results in
smaller values c;f the ratio DGB/DM. 2) By decreasing the grain boundary
diffusivity of Nb, which again results in smaller values of DGB/DM. ' 3) By
simultaneously decreasing the grain boundary and increasing the matrix
diffusivities of Nb. ‘

Clearly, the solute drag theory presented here can provide a useful and
physically reasonable explanation of how and why alloying elements retard
récrystallizatién, and why some elements are more effective than others. As
explained above, it can even throw light on how boron addition is able to
influence the retarding ability of Nb. However, it does not explain why the
relative difference in kinetics between the Nb and Nb + B steels depends on
the deformation conditions; something which is taken up in the section that
follows. | ' '

5.1.6.3 Dynamicor Strain Induced Segregation of Boron

From the experimentally 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 and Nb + B steels- changes with temperature. A good
reference unit for the comparison of these differences is the time for 50%
recrystallization (to 5) for each steel. The relatlve difference in the kinetics of
the Nb and Nb + B steels (after a constant predeformatlon) can be expressed as
the ratio of these times (i.e.tg 5 (Nb + B)/tg 5 (NDb)). These ratios are illustrated
in Figure 5.25 as a function-of temperature for the three predeformations
employed (i.e € = 0.12, 0.25, 0.5). It is evident that the points for each’
predeformation follow a bell shaped curve. The amplitudes of these curves
change with predeformation and the largest corresponds to a predeformation of
50%. It is also apparent that, as the temperature is redqced, the synergistic
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effect peaks at higher and fligher prestrains (i.e. driving forces for
recrystallization). L

The softening curves for the same test temperature (1000°C) but for
different amounts of prestrain were presented in Figure 5.14. Again the
difference in softening rate between the Nb and Nb, + B steels changes with
prestrain. Because the prestrain determines the driving force for
. ‘recrystallization, this set of experimental results suggests that there may be a
correlation between the velocity of the recrystallizing boundaries and the
relative difference in kinetics described above. The relative difference in the
kinetics of the Nb and Nb + B steels, expressed as the ratio of the half
recrystallization times, v as therefore plofted versus the log of the velocity of

‘

the moving boundaries, as illustrated in Fig.5.26.

Here, the estimate of the velocity is always based on the corresponding
softening curve for the Nb steel. Interestingly enough, the three ell shaped
', curves have their pe'aksrat approximatély the same velocity. Such an optimum
velocity implies that the synergistic effect is difficult to observe if the time (of
recrystallization) is either too short or too long. -

" The above observations, coupled with \th\e autoradiogfaphic results
showing boron segregation at the recrystallizing grain boundaries (Figures
4.25 and 4.26), raise the possibility thit the dynamic or strain induced
segregation of boron is taking place. Such an interpretation has already been
employed by Watanabe et al. (42), who observed that boron segregates ata
moving austenite grain boundaries, in 2 manner similar to that determined 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. Furthermore, they suggested that the degree of segregation of the
boron atorts during hot rolling is controlled by relations between 1) the matrix
diffusivity of the boron atoms, 2) the grain boundary diffusivity of these atoms,
and 3) the sweep velocity of the recrystallizing grain boundaries. Before
continuing further,‘ it will therefore be useful to review some of the
experiméntal evidence concerning boron ségregation 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 temperatures below 1000°C) or divacancy

) complexes (at temperatures above 1000°C) and that both species are' present in "

the intermediate temperature region. These complexes diffuse faster than
sxngle vacancies and are actually responsible for the non- equilibrium
segregatlon of boron at stationary austenite grain boundanes Thisis produced
by a high temperature anneal, followed by isothermal holding at a lower
temperature, see Figure 5.27. As the temperature of a sample is decreased from
the austenitizing temperature, a number of excess vacancies is produced (this
increases exponentially with the amount of cooling); the availability of the
vacanciés leads to the formation of a number of complexes (Table 5§.12), as has

already been discussed in paragraph 2.1.4. The complexes carry the boron to

the grain boundaries, which act as vacancy sinks, releasing the boron.
Furthermore, measurements of the width of the boron depleted zones from
autorédibgrapﬁic plates (128) as a function of quenching temperature and.
cooling rate have provided values for the diffusion parameters of these
complexes: Dy, = 2.54 x,10-+ cm?2/sec, Q = 21,000 cal/mole for the monovacancy
boron complexes and Do = 0.78 x 10-2 cm2/sec and Q = 217,600 cal/mole for the
divacancy-boron complexes.
‘ , I

In the case of the present experiments,’ prior to the application. of
deformation, there is no boron segregated at the stationary grain boundaries
(Figure 4.23). This is because of the relatively slow cooling rates (2 to-3°C/sec)
togetﬁer 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 (p,. = 10-4-¢, where p  is the vacancy

concentration and € the deformation) in a manner similar to the effect of
* - * - > = \‘ . . .

undercooling; it also provides, the driving force for the migration of 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 diffusivities of the boron, but on the matrix diffusivities of
the boron-complexes as well. Moreover, the degree of the segregation should be
influenced, not only by the velocity of the moving boundary, but alsp by the

number of the boron complexes (i.e. the strain).
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1000°C. L: the total length of grain boundary with boron segregation revealed by
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TABLE 5.12 - Vacancy [V],Complex [C] and Boron (1 Concentrations as
“a Function of Solution Treatment Temperature

T
v

Temperature: [V] (C] ot
< | 'k x 106 x 106 x 106
— T e
1000 | 1273 114 | 1.2 88.8
1100 | 1373 - 29.0 2.1 87.9
1200 | 1473 . 64.7 3.5 '86.5
11300 | 1573 130.6 5.3 84.7
1350 | 1623 180.0 6.4 - 83.6




154. .

It was noted above that the grain boundary velocity (i.e. the
recrystallization time) of the Nb steel under the condition of maximum relative

. difference betweenthe Nb and Nb + B steels remained relatively fixed at the

different experimental temperatures. The times for 80% softening (i.e.
recrystallization about 3/4ths complete) were approximately 65 seconds in all
the cases. The values of the diffusivity and diffusion distance were therefore
estimated. for 65 seconds and the appropriate temperature; these are presented
in Table 5.13. The 'calc.ulatio’ns show that theré is little difference in the
diffusion distance over the temperature range 950 to 1050°C. The average
recrystallized austenite grain sizes tinder conditions of maximum difference
between the Nb and Nb + B steels (¢ = 0.25, € = 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 well as the distances travelled by the recrystallizing
boundaries are therefore very similar, so that the proposal that the non-

* equilibrium segregatlon of boron is responsible for the synerglstlc effect seems

to be both physically reasonable and quantitatively acce ptable

i

/

5.1.6.3.2 Implications of the Proposed Strain Induced Segregation Model

The above model of strain induced segregation has the potential for
providing reasonable explanations for several important questions arising from
the present investigation. First of all, the synergistic action of boron and Nbin
reducing the recrystallization rate of hot worked austenite can be interpreted,
as indicated'above, as resulting from the influence of the segregéting boron on
the matrix and grain boundary diffusivities of the Nb. According to this
picture, the boron ’se‘gregates as a boron-monovacancy cémplgx; which travels
faster than a single vacancy. Thus, during the process of recrystallization,

© more vacancies will be availablé for the matrix diffusion of Nb atoms in the
regions close to the grain boundaries in the Nb + B steel than in the Nb steel.

—_——

This is expected to result in an apparent increase in the matrix diffusivity of
the Nb atoms in the former material. Furthermore, as suggested by Hefzig and
Geise (126), the presence of even small amounts of interstitials at the grain
boundaries (e.g. 20 to 40 wt. ppm) can seriously reduce the grain boundary
diffusivity of the substitutional solutes which are present there. Consequently,
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TABLE 5.13 - Boron Monovacancy Complex Diffusivities and Diffusion

1]

Distances for 65 S_ecdnds at 950, 1000 and 1050°C

Diffusivity of e .

Test ' Diffusion Distance
Temp:arature Bor 08 31&,) nlg\;{zcszancy x(pm) for t\f 65 sec
Cr . (pm2/sec) x ~VDt
950 4.5 17.1
1000 6.4 20.3
1050, 8.7 23.8
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the presence of boron at the grain boundaries can reduce the grain boundary

* diffusivity of yb The above change can reduce the ratio DGBpnp/D My, whichis

expected in turn to produce larger dfag forces when B is present.

If this is the case, similar synergistic effects should occur when boron is
added in the presence of other “influential” substitutional elements such a3.Ti
or Mo. Indeed, in a recent investigation (129) of HSLA steels, it has been found
that the combined addition of boron and Nb or boron and Ti.raises the
recrystallization stop temperature of y by more than the addition of any single
alloying element. Mcl)rteove‘r, as illustrated in Figure 5.28, Nb + B raises the
recrystallization stop temperature more than Ti -+ B. By contrast, the amount
of solute retardation due to the addition of, B in the absence of Nb (Figure 4.6),
or in the presence of Nb, but when the grain boundary velocity differs
considerably from the critical one (Figures 4.7(a) and 4.8), can be readily
dstimated. In terms of the solute retardation parameter (SRP) given by‘

9 ; '
SRP(%) = log(ty/trer) (0.1/at.% B) x 100 . ~(130)
this works out to be 50%."

Here ty and ter 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
retardation is similar to that exerted by additions of Ti and Mo (normalized to
0.1 at.%), but is less than that attributable to Nb addition (130). The combined
-addition of B and V«the‘reforé can only lead to asmall synergistic effect.

Two of the remaining q'uest'ions raised by this investigation will now be
considered: (i) why are there optimum conditions associated with maximum
retardation? and (ii) why is the relative difference under optimum conditions

" larger when the deformation is larger? For a given grain boundary velocity,

which is a ‘functipn of the temperature and pre-strain, the number of boron

"atoms collected is a function of the diffusion parameters associated with the

various species of boron. When the distance swept by a moving grain boundary
at a specific time matches the diffusion distance travelled by one of the
diffusing species (e.g. the boron monovacancy complex), the number of
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segregated boron atoms will be at a maximum, as will the number of vacancies
liberated in the grain boundary region. Consequently the retardation of
recrystallization can be expected to be at a maximum. According to the model,
the reason why the relative difference in recrystallization rate between the Nb
and Nb + B steel increases with deformation (Figure 5.27) is that, at a given
temperature, the vacancy concentration increases with the amount of the
deformation (p, = 10-4 ¢). Larger vacancy ' concentrations produce larger
complex concentrations, which in turn increase both the boron and vacancy

concentrations at the grain boundary.

In the above model, boron makes its presence felt by modifying the
diffusivity of the Nb atoms, whether at grain boundaries or in the matrix.
However, it remains possible that there are chemical or thermodynamic
interactions between 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 experimental results, the above possibilities were nat explor%gi in
any detail in this study.

©

5.1.6.4 Boron in Solid Solution: Interstitial or Substitutional?

An important question related to the present work is the fdllowiné: what
makes boron so special? After all, carbon has a similar diffusivity and also
forms complexes and segregates to grain boundaries. Despite these
similarities, boron and carbon are different in size (dg = 1.96 A,dc = 1.834)
and electronic structure (B: 152 282 2P1, C: 152 282 2P2). Although carbon is
clearly an interstitial element in iron, there is some 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, internal friction investigations indicate
an interstitial solid solution in a iron (133, 134), although the latter conclusion
is rqfuted by other work (135). Some researchers (136, 137) have suggested that
boron can occupy both interstitial and substitutional sites in a iron, and that
substitutional 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 order 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 difference between the carbon and boron atoms, it
appears possible that the carbon and boron atoms may occupy different lattice
sites. If carbon occupies the interstitial sites and boron the substitutional ones,
then the boron atoms can be expected to be more effective in ‘retanding the
recrystallization process. The above proposal 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 investigation are
fairly high, the differences in electronic structures between carbon and boron
may play a reduced role. ‘ |

1

52 THE EFFECT OF BORON ON DYNAMICSTRUCTURAL CHANGE

The metallographic examination of rapidly quenched samples after hot
deformation has provided indisputable evidence for the occurrence of dynamic
recrystallization (68) in metals which recover rather slowly duriné deformation
(e.g. austenitic sﬁeel_s and Cu). Even though the dynamically recrystallized
grains are very fine (due to the high driving force and small critical nucleus 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 qualitative data regarding the
" influence of microalloying elements on static recrystallization. This is of
particular interest with respect to the recrystallization occurring between

passesin 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 static conditions,
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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 parameters not treated in(the static tests, the austenitization
temperature and strain rate, were exami ed.

5.2.1 EFFECT OF TEST TEMPERATURE ON g, AND gy

The effect of test temperature on the onset (£p) and duration of
recrystallization (€4) 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 and 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 (ép).
The lower temperature also increases €x because of the sluggishness of the
process. However, of greater ilmportance\ in these figures is the way in which B,
Nb and Nb + B additions influence the values of €, and £4. Evidently, siﬂgle
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
f

Rs = gp/t (5.27)
and the finishing time for recrystallization (Ry) as

o

Rf = (gp + g4)/€ : (5.28)

A comparison between DRTT (Figs. 5.29 and 5.30) and RTT (Figs. 5.18 and

' -, 5.19) diagrams can now be made, which reveals considerable similarity in the

general recrystallization behaviour of the four steels tested. This is in spite of
the fact that the recrystallization start and finish times under dynamic and

[\ed
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static conditions are numerically different. Although £, and £y could not
readily be determined by compression testing at 950 and 900°C, and the
temperature condition associated with maximum retardation could not be
established for the Nb and Nb + B steels, the relative difference in
recrystallization rate between the two steels of interest depends, as in the static
case, on the velocity of the recrystallizing grain boundaries.

5.2.2 EFFECT OF AUSTENITIZATION TEMPERATURE ON e, AND €,

The austenitization temperature is an important parameter in the hot
rolling of steels 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
present, it can ensure that they are dissolved.

. ‘j

The influence of austenitization temperature on the onset strain for
dynamic recrystallization as well as on the recrystallization strain was
presented in Figures 4.13(a) and 4.13(b), respectively. It is evident from these
results that the critical strain increases with austenitization temperatﬁre.
This is a well known phenomenon (141-143) and is related to the larger initial
grain sizes pgoduced at the higher austenitization temperatures (Fig. 4.27). If
it is accepted that dynamic recrystallization is initiated at the austenite grain
boundaries (141), then itis apparent that larger initial grain sizes make it more
difficult to acquire a high density of nuclei, resulting in a larger strain bemg
required to attain the peak flow stress.

Furthermote, larger grains not only start to recrystallize later, but the
duration of recrystallization is also longer due to the larger number of 'necklace
strands’ or ‘cascades’ of recrystallization which must be generated for the
recrystallization front to attain the ‘g‘rain 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 facts 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¢p AND g,

The dependence of £, and £« on testing strain rate was illust:.rated in
Figures 4.14(a) and 4.14(b), respectively. Here, as the strain rate is increased,
gp and €y are observed to increase as well. This is due to the fact that, at
constant temperature, there is a decrease in the time required for
recrystallization to begin. 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 £5. The comparison of ¢, and €x for the Nb and
Nb + Bsteels demonstrates that the retardation is maximum at a strain rate of
0.1s-1. This again indicates that the retarding effect of boron involves a critical

time, which cannot be very short or very long.

All the observations extracted from the.dynamically tested samples show
good agreement with the results of the static tests. They also 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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CHAPTER 6

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 under both
interrupted and continuous loading conditions. Prior to testing, for ‘the
interrupted experiments, the samples were austenitized at 1100°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
temperatures of 900, 950, 1000, 1050 and 1100°C were employed. The progress
of recrystallization was studied from the amounts of softening taking place
during the unloading and isothermal holding intervals. '

For the continuous loading tests, the peak e, and recrystallization €
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, respectively, were employed and the strain-rates used were in the
range 10-3t0 0.5 s-1, As a result of this study, and with the aid of data obtained
from the literature, the following general conclusions were drawn:

1. The retardation of recrystallization produced by B addition
" when added alone is equivalent to a solute retfrdation
parameter (SRP) of about 50% (normalized to 0.1 at.% B).

This is comparable to that produced by an equal atom

fraction of Mo.

2. The simultaneous presence of Nb and B leads to the greater
retardation of recrystallization than the simple sum of the
retardations produced by each solute alone. Furthermore,
the magnitude of this synergistic 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.




=

Under these three sets of conditions, the velocities of the

grain boundaries during recrystallization in the Nb steel

are approximately equal.

The increased retarding ability of B when added in the

presence of Nb is due to 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 segregation is
affected by: ‘

i) the matrix diffusivity of the boron atoms;
it) the grain boundary diffusivity of the boron atoms;
iii)  the boron-monovacancy complex diffusivity; and

iv)  the sweep velocity of the moving grain boundaries.

From measurements on quenched samples under conditions
of maximum relative difference between the Nb and
Nb + B steels, the mean distance travelled by the grain
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

retardation.

Other interstitial. elements (C: r = 0.91 A, N: r = 0.92 A)
could display segregating abilities similar to that of boron
(B: r = 0.98 A). However, due to its size, boron is at the
dividing line between acting as a substitutional and as an
interstitial solute. It may, therefore:, play a role in part as a

166.
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substitutional, permitting it to have a larger effect on grain.
t

boundaries than Cin this way.

The synergistic interaction between Nb and B can be

rationalized in terms of the influence of boron grain -

boundary atmospheres on the grain boundary diffusivity of
Nb (DGByy) and consequently on the ratio of the grain
boundary to matrix diffusivities of Nb (DGBy,/DMN ). - As
suggested in the literature, even small amounts of
interstitial impurities (20 to 40 ppm in the bulk) can reduce
the grain boundary 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 reduction in the ratio DGBNy/DMyy, produced in this
way increases the drag forces exerted by the Nb on the
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 concentratien
(py = 10-4: ¢) which increases in turn the concentration of
the boron-monovacancy complexes responsible for the
transfer of boron to the boundaries.

By assuming that the effett of doping the base steel with Nb
resembles that of doping pure iron with Nb, and as long as
no precipitation'is taking place, the solute drag model
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. Furthermore,

_ comparison of the diffusivities 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 observations are consistent with the
solute 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 caused by
introducing a particular alloying element into a metal

matrix.

Based on the present model for the synergistic interaction
between Nb and B, boron can be predicted to display a
synergism when accompanied by other alloying elements
such as Ti and Mo. However, the combined effectsof Ti + B
or of Mo + B are expected to be less than that of Nb + B
because of the weaker grain boundary interaction energies

displayed by these elements.

The present model does not exclude the possibility that
chemical and thermodynamic interactions between Nb and
B also play a role in the synergism when both of these
e!ements are present at an austenite grain boundary.

Finally, the presence of boron seems to accelerate the

precipitation kinetics of NbC.

168.
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KNOWLEDGE :

1. It was shown that the single addition of boron to a base steel .

results in a measurable retardation of recrystallization.

The amount of this retardation is comparable to that
\\)roduced by an equal atom fraction of Mo.

2. The presence of both Nb and B was shown to result in

o retardations which are larger than the sum of the effects

produced by the elements added separately. The amount of

the synergism was demonstrated to vary with the

deformation conditions. The maximum retardations were

* observed at 1050, 1000 and 950°C when the prestrains were

- 0.12, 0.25 and 0.5, respectively. The present analysis

-~ ‘ - indicates that the above sets of deformation conditions
r impose approximately equal velocities on the
recrystallizing grain boundariesin the Nb steel.

3. The rates of recovery and- recrystallization under static
holding conditions were described in terms of the Avrami

" equation. Separate values of the rate parameter 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.
Valuesof the time exponent nr for recovery of 0.46, 0.61 and

0.77 for predeformations of 0.12, 0.25 and 0.5, respectively,

were shown to apply to the Nb-containing materials. The

rate constant k* was demonstrated to depend on
temperature, deformation and alloy composition. The time

‘ exponent for recrystalliz|ation nR has been found to be
;?, : . independent of temperature and deformation with an
' average value of approximately 0.9. These parameters are

STATEMENT OF ORIGINALITY AND CONTRIBUTION TO

The present investigation produced the following original contributions:
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of considerable use in the computer modelling of" steel
rolling; some of them are presented here for the first time

. for such microalloyed 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 presence of Nb.
. The concentration of the segregated atoms, which form an = \
atmosphere around the moving grain boundaries, has been
suggested to depend on the following:

i) the matrix diffusivity of the boron atoms:
. 1) the grain boundary diffusivity of the boron atoms;
_iii)  the boron-monovacancy complexdiffusivity; 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, the mean

distance traversed by the grain boundaries during
_recrystallization was determined to be approximately:

20 um. This distance 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
these complexes leads to the segregation responsible for .
maximum retardation.

5. The observation that the relative difference in
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
(p, = 10-4-¢). According to the present model, more




deformation leads to higher vagancyﬁ concentration; the
vacancies combine with boron atoms to form complexes in
greater concentration, which ultimately leads to morge
boron transport to the moving boundaries.

It has been suggested in the literatrire that small amounts
of interstitial impurities (e.g. 20 to 40 ppm in the bulk) can
reduce the grain boundary diffusivity of substitutional
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 of boron grain boundary atmospheres
on the grain boundary diffusivity of Nb (DGByp) and
consequently on the ratio of the grain boundary to matrix
diffusivity of Nb. According fo the solute drag model of
Hillert and Sundman, a decrease in the DUGBxNp/DMyy, ratio
shquld result in larger drag forces being exerted by Nb on

o

the recrystallizing grain boundaries.

4

The solute drag model proposed by Cahn has been applied .

here under the assumption that the effect of doping the base
steel with Nb resembles that of doping pure iron with Nb.
The predictions of this model have been shown to be
consistent with the recrystallization behaviour of the

microalloyed steels studied in this investigation. In °

particular, the experimentally determined order of
effectiveness of the various microalloyed elements has been
shown to be in very good agreement with the calculated
magnitudes of the interaction energies E, and the observed
diffusivities of the above elements. Furthermore, the order
of retarding ability for seven different alloying elements
has been demonstrated to correlate very well with the order
of their diffusivities, with the fastest one having the
greatest interaction energy and therefore being the most
effective (Nb > Ti > Mo > V > Mn > Cr > Ni).
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9 99 1.00 ‘2 00 3 00
TRUE STRAIN E-01
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SAMFLE #117

1800
HEHT TREATMENT
TEST TBMFERATURE

STRQ[N RQTE ?
PRE S e
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++ ’ '
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AN
02 )
.00
?glPLE 141
80 F HERT TREATMENT: 1100 C ,
£ TEST: TENFERATURE 19006 C _Base \
TRAIN RATE: /SEC ,
60 8RE STRAIM - %S
40 -
20
4
29 :
.80 f {? >
-* .
.69 + 5
49 +
—_— - +
20
@9 'S D T S N O A O I B Lﬁ A I SR N NN N U R 1
9.0 1.0@ 2 00 3 00 4.00 g QaQ
TRUE STRAIN E-01 ¢
é 1]
o '
ol I
- ChMFLE #1768
- 18Rd4E
.80 F HERT TRERTMEHNT 1100 C
- TEST TENFERHTURE 1000 C
" STRarn RATE 2 ~SEC
€0 £ FRE STRATN .25 ' B
-
40 F -
E 4
20 - \
- +
o= w"
30 | ?{f**
EOE-fI +
- ¥ . {
4n E; +
? +~
po * k]
20 = +
d.' J
gg:lLlllliLL'J¥LlLLlil_lllll
% 00 3 2 ec 3 00 400 ) .sqQ0
TRUE STFRIN E-01
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D
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" 196.
Tk

- 4

4 Lo
v Pl 4 \ A
= CAMFLE #1466
~ 18KRdA
= HEART TREATMEMT 1190 C
= TEST TEMFERRTURE: 90@ C n  Base
—~ STRAIM RATE: 2 v /SEC .
- FRE STRAIN: .25 o
~
E 15 ¢ + .
- + ¥
3 ¥
- % .
3 + 7
E A {
= 3
= £ e
- [
- ) 4+
; ( * ' -
jg N T | | | " f | E T VO N N S N I |
00 1 o9 2 na 3 00 4 00 - S Q0
R . TRUE STPAIN . E-O1
o \ ®
SHMFLE #148 -
18‘-‘ S ¢
HERT TREATMEHT 1100 \C B
TEST TEIFERATURE: . 900 d\ (
STRAIN RATE E * GEC , .
PRE ST RHIH S

¥
3
*,
/ "y Lo
¥ +
: I
4 +
+*
* +* S
+
} &
M *
ST N T M S B A | t:j‘ T fﬁn I T N N §
8.09 1.00 2.90 3.00 4.9 S 0Q
) TRUE STRARIN . E-01

)
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APPENDIX II

CONTINUOUSLY COMPRESSED TEST FLQW CURVES
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198.

- 0 a0
‘(:i’“ g ao 1.080

2'00 3 00

4 00 S s 00
) TRUE STPAIN ‘

E 0L
3 o :
0 E — SAMFLE WHENZO
N\ o-nn 5
‘. cReE : 1180 ¢ |
' - Nb STRAIN RATE .01 /SEC
, LA = C " i :
3 U ,E )
E somf : .
! S E + ++ +
T o + oy +H+t: +
Fé 500 “...*# + Hﬂ*# Hﬁ.ﬂ‘d"* _,,,*+*+#_ + **"h- #_3'4-%
S E " .
S 4 60 — ‘
» -
M - .
H 300 -
r T Vs - -
M & .
~ 2.0 o
2. H g
- - B |
1 00 ‘
, Eg
. 9 99 L |
" DO 100 200 380 400 FoF 600 o0 800
TRUE STRATH . E-01
g E 01
® a0
- SAMPLE  HHEH22
: s |
SR Nbe .. 1180 € :
o B “srﬂam RATE .81 /SEC
L= ' '
. Y - v
~. E s N '
- , » +t
3 ~
T M AU - +
P S 60 : ++ + qu - + +
+ + g
E . o 4#* . f##; 4f;#;§f+ -h##-ﬁf&ﬂt:
S 4.08
L. o +
- - M - . 5
. M 3.00
1 /‘ ? i
- M -'*.
~ 280 [
2 ; ‘ v
1 60
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NIINIZX " OOMU~Y MCO—~ '
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o m

om

o

.0 , %@sa C
.00 . Tt ++ il EYY ""’

.60

0

89 @0 1.00 2.00 300 4 00 5.06 6 00 SO Y
. . TRUE STRATH Nl

[131

QQ ¢ -

SAMPLE  #HEWZE
aeR

o 56 C )
T STRAIN RATE .01 . /SEC

80

20

@00 100 280 380 4.02 500 660 P7.00 8o
- TRUE STRAIN - ‘ g=01
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+++*+t-
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. N

e.on. 1 @0

-H" 'F" ,#,..;.-&- ++ ;
N r + + &
W T ] RS #ﬁ#*#

IN RATE .01

200.

200 308 4.860 508 600 8 00
TRUE STRAIN E-01
£ 02
I 20
SEHELE HIEH2Y
t1a - 110 C
_ 1688 C -
1.00 STRAIN RATE .0l
0 90 +
Pt el by oy
"_#ﬂ' + + + -{.“-#*"
9 80 _*+ #"**’ & T ‘,‘d”:#
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.70
9 69
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1
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‘SAMPLE #HELIZS
o
= o0 11050 £
STRRIM RATE .0t sSEC
z e + T s
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B4+ e+ + + + +
- + ted +
5 00 W, :#”t‘%‘fﬁt ++t;;++"4+#¢ Wttt
' thos + + T h + * ’
5 oo i
4 03 :
N
2.99 C .
2 069
1 @0
0. 00" xuuujuuuumnunnlnruunhlnnnulunuullunnnnlnnlun .
E! (515 I W 6 6] o 00 3 0n 4 ) S a0 & oo g8 Q0
TRUE STRwTH E-Qt
€ 01
3 Cuy e
» cAN 1PLE BHELI2S
o }SE‘QB
Q o9 - 1008 C
R 1656 C i
= + STRAIN RATE .01 /SEC\
T ook + W4 ' ,
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E Ot f&
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- APPENDIXII ‘ -

COMPUTER PROGRAMS FOR CONTINUOUS AND
INTERRUPTED COMPRESSION TESTS .



~

o e

!
CMFRES  *'MTS BASIC U@1B-02D -

20 REM —————————— et e e e e e e
40 REM o - '

60 RE - o ' A- P P E M B I ¥ 11 - -
80 REIl : :

100 REM =——rme—em e r e e e e e e e —— e e e

120 REM _ .
140 REM ‘ CONSTANT TRUE STRAIN RATE COMPRESSION- TEST

160 REM \
180 REN . PROGRAMMED BY ARMANDO SALINAS RODRIGUEZ

260 REH . , :
220 KREM REUTSED WITH THE ASSISTANCE OF RICHARD BERGLY "OF TTS

240 REM

f—

260 REM — S
280 DIM P(388),S(308), X(485) 83(368) Ea<3oe>,P3<360>

- 300 QUIT

320 FG1¢Q> ' .. .
348 MSH1¢2Z)> oo

360 PRINT "WOULD yOU LIKE TO RECQLL,DQTQ FOR PLOTTING'? (Y OR ‘CR')*;

3868 INPUT 11$

408 REMN . e
428 REM B "EXPERIMENTAL CONDITIONS

440 REM —~————m—mm oo e ———
4608 PRIHT “TEST I.D."iNINPUT N$ .

488 ,PRIHT "MATERIAL ";\NINPUT M$

. 588 PRINT “HEAT TREATMENT ";NIHPUT H$

S28 PRINT "TEST TEMPERATURE ";NINPUT T$
548 PRINT "TOTAL STRAIM ";NINPUT E

568 PRINT "TRUE STRAIN.RATE (1/SEC) ";\INPUT El
58@ PRINT "STROKE RAHGE CHMX';NIHPUT R1 -

600 PRIHT "LOAD RAHGE (LBS)> ":iNINPUT R2

620 PRINT “SPECIMEH HEIGHT (MM>",NIMNPUT L@

802




-

640
660
680
7aQ
720
749
7€0
vRA
800
820
- 840
860
8ao0:
920G
920
930
. 940
960
980

1808 R=
16206

1040
1860
1080
1100

11208
11406

1160
1186
1200
1220
1240
12650
1260
1200

o~ -
(5 o,

PRINT "SPECIMEM DIAMETER (NHN";\IHPUT 0o
AD=F 1¥kDO~2.’ 4 ‘
T=E/EI\K=2047 /RI\Ki{=2047/R2 \
IF I1$<"yY" THEM 820 ™
GQSUB‘434G - : . . o
GO TO 2380 , ' - o A
REM ————————m e
EER ' CALCULATE FUNCTION GENERATOR PARAMETERS
IF T>280 THEN olals S e
H=260 : . . ,
IF T>=166 THEN 10006 ) ; . - \
1F T>=50 THEN 1620° \ Y
IF T>=10 THEH 1040 : : i ‘ L
IF T>=5 THEH 9€0 a &
IF T>={ THEN 9408
R=190\A4=0\H=180\GO TO 1060
R=58\A4=1\GO TO 1860 .
H=4B0\R=1\Ad=7\GO TO 1068

5\A4=5\G0 TO 10868 oy
R=18NA4=4\GO TO 1860 .
R=20\A4=2
%( 1 >=4B95%MH-/T/R/2
U=T
Y=10
Y2=INT(9%R¢.5) :
REM ——————F————— -
ggn SET UP THE SYSTEM .
CNTR(E)\MSNl(z)\FGI(B) 7
PRIHT "CHECK THE FOLLONING*"\PRIHT
PRIMT “DC ERROR IS 9" ,
FPRINHT “"REMOTE-LOCAL SMITCH TO REMOTE"
PRINT “sSPati 1 IS AT ZERO" %

PRINT “STROKE COMTROL"NPRINT

'60%



5 ¢ .
1320 PRINT "PRESS RETURN TO-CONTIHUE")NINPUT F$NPRINT

1340 PRIHT "TURN ON THE- HYDRAULICS"\PRIMT
1360 FRINT “SET 'SPAN 1' TO 10"
13830 PRINT APRINT "PRESS RETURM TO COHTINUF“;\INPUT F$\PRINT

1400 REP-—==m=mmmmmmm o St ooyt S
1420 REM " DUMP CHECK - i
{440 REMH-————————- o e i et e e e e

1460 EDHP

1480 SOMPC1,AMIF A=B THEN 1620
1500 FPRINT "DUMP CARRD PROBLEM. UNARBLE TO FINISH TEST "

1520 PRINT “PRINT “TURN OFF THE HYDRAULICS."

1540 STOP
1560 REM e e e :
1560 REM E%PERIMENT STRRTS . ’

1600 REM{ —————— e —_—
1620 PRINT "IS THE PISTON IN THE RIGHT POSITIUN 25N INPUT A2$

1648 IF A2¢<"Y' THEN 1620

1660 DACO(Q,S1,2,08)

1688 FOR 1=2 TO H+2

1760 XCIO>=KXLO¥X(EXP(-EX(C] 2)/N)—1)+Sl+ INNEXT 1

1728 ==N+2 _ .

1740 TIMECY,ESXDACAC3,P,B8,UXDACRCE.S,2,2)

1760 FG1(X,1,7,R4)\STAR .
17806 IF P(=60 THEN 1788 \
1868 QUIT(1)H\P=61\8=P _
1828 TIME(Y2,E8)>\STAR

1840 BUF1(2Z)\IF 2>-1 THEH 1840

1868 QUIT _ \
1680 REM ———————————e—n EXPERIMENT IS FINISHED -

1508 DACQ(B,54.,2,0>

1620 REM --——oe—rmmmee— RETURH PISTON TO INITIAL POSITION —-
1948 FOR 1I=
1968 FGI1CI)

1980 HEKT 1
2600 PRIHT "YOU CAM TURM OFF THE HYDRAULICS NOW"

012

( e ———————




~ | -~

2020 FRINT "HIT A 'CR' WHEN REARDY":NINPUT C¢

2840 PRINHT “HOULD YOU LIKE TO STORE THE DATA 7?%;NIHPUT C$

2060 1IF C&¢"yY" THEN |GO TO 23286

20230 REM ——m—m—mmm e e
2100 KEM STORING EXPERIMENTQL O0ATA OM A FLOPPY DISK

2130 REM ——m e e e e e e e e e e e e e e e e e

2140 FOR I=P+2 TD 3 STEP =1 PCI)>=PCI-2XHNENXT 1

2160 PCL1)D=P\P(2)=S1xP=P+2

2180 OPEM “DX1i:"8M$ FOR OUTPUT AS 'FILE #1.

" 22008 ACLIT(P,1,0,E4)>

2220 RANUT(S,1,1,E3)

2240 CLOSE #1

2260 REMN ————————- ——
2280 REM CALCULATE TRUE STRESS & TRUE STRRIH ‘

2300 REM —————m e e e
2320 PRIHT "DO YQU WANT TO MAKE A CORRECTIOM FOR MACHINE COMPLIAMCE 7"
2340 IHPUT G$ ,
2360 IF G$="HO" THEN 2768

2386 U=0

2460 FOR I=1 TO P

2420 L=ABS(P(1))>%9.81/K1/18838/2.2046

‘2440 L1=6.5896BE-BS¥L~2- . B164243%L

2460 1L2=(SC(1>-S1>/K

2486 L.3=LB+L.2-11 | _
2500 E2(1)>=-L0G(L3/LB)

2520 S3¢1)>=1008%L%L3-AB-LD

2546 PRINT I,S3C1),E2(1)>

2568 IF UCS3C(I)> THEM U=S83(1)>

2588 HEXT I

2€060 PRINT "MAX. STRESS : "U

2620 PRIHT "EHTER MAY. STRESS LEUEL FOR SCAL"; \INPUT U

2648 PRIMT “EMTER STRESS alD STRAIN IMCREMEMTS":NINPUT 21.2
2666 FRINT “EMTER 2D STRESS INCREMEMT", NIHPUT 23 -

2680 G0 TO 2780 |

2786 GOSUB 4548 N

-
’ -~
. .
4 -
. - 3 .
a

\x,\l

T12



-

2710
2720
2v40
2760
S
3800
2820
2840
2860
26880
=900
2920
2940
2960
29808
3009
3020
3640
3066
3080
31006
3120
3140
3160

- 3189

32060
3220
3240
3260

3280 .

33066
3320
3340
3360

33380 |

et
GO TO 2648
Y T — ~
REM PLOT TRUE STRESS US. TRUE STRAIN

REM = e e e
CHTRCINNCNTRCAMNPHYL(1G08, 800.806.780) B

SCALC0.0,E. 0. UNCNTRC2 ™PLOT( 0,8 :
LABLC"TRUE STRAIH","TRUE STRESS MN/M~2",22,Z21.1)

LABLC™ », , 01,23,3)\CNTRGBNPLOT(B,8)> .
PLOTCE, @>\PLOTCE, U>\PLOTC B, UXNPLOT( 8, 6 \CHTRC 1)
COMMC"SAMPLE #", . SXE, . 96XUX\PRINT N$

COMM(MS$, . SXE, . 93%UOXNCOMM(H$, . 5%E, . 9%U)
COMMCTS., . O%E. .8VkUXNCOMMC "STRAIN RATE", .S%E, .83%U>

PRINT E1\COMM(" ~SEC", .S¥E., .B3%UNCHTR(2)
PLOT(B,B)\CHTR(B)>

FOR 1=1 TO P~MARK("+",E2(¢1),S3¢I>)\NEKT 1
CNTRCZ2ONTHPUT F$NCNTR(3)

PRINT "HAS THE STRESS LEUEL OK ? ":\INPUT J$ i

IF J$<"yY" THEN 2628
CHTR(3) '

[ e —— -
Egm PLOT INITIAL YIELD REGION )
PRINT “INITIAL YIELD REGION" . ‘
PRINT N :
PRINT "ENTER MAX. STRESS LEUEL FOR SCQL",\INPUT u

PRINT "EMTER MAX. STRAIN FOR SCaAL";NINPUT ES
PRINT "EHTER STRAIN IMCREMENT",\INPUT 24
PRINT "EHTER 2D STRAIH INCREMENT",NINPUT 25

CHTR( 3

CHTR(BO\PHYL( 100,908, 88, 78a)>
SCALCB,B,ES, B, UNCHTR(ZX>\PLOT(B,8)>

LABLC"TRUE STRAIN","TRUE STRESS MN/M~2",24,21,1)

LABLCY )0 ¥, 25,23, 3 NCHTRC@NPLOTCO, BONPLOTCO. uu"

PLOTCE, UDNPLOTCE, BXNPLOT( 8,8 S\CHTRC 1 )
COMMC"ITHITIARL YIELD REGIOM".E3~2, .36%U>

pat:



Ka

3400
3420
- 3440
3460
34840
3500
3520
. 3544
3560
3560
3600
3620
3640
3660
3680
3700
3728
3740
3760
. 3780
38060
3820
3840
3860
3880
3500
3920
3949

- 3960

3980
48080
4020
4049

.- (’\

COMMCsSAMPLE #Y,ES~2,  923UMNMNPRINT MENCHTRCE)
FLOTCO, @) \CHTR(®) o
FOR I=1 TO P\MARKC"+",E2C1),S3C1)»HERXT 1
CHTRC2ONTHPUT F$\CHTRC 2 CHTRC 1)

FRINT "HAS THE PLOT OK. 7",~NINPUT H¢$
IF H$I"YV" THEH 3180

REM == e e e e ——
REH .. PLOT.TRUE STRAIN US. TIME

SE¥ e ;
CHTRC 3 )\CNTRCB)\PHYL( 100, 900,88, 708
SCAL(B,8, T, 8 .EXCHTR( 2> PLOT(B,8)

LABLC *TIME", “TRUE STRAIN",T/16,.1,1)
CHTRC @ )\PLOT(®, B8>\PLOT( T, 8O\PLOTC( T, E)\PLOT(B,E)
PLOT( 8, BONCHTR(B )NAB=8 .

FOR 1=1 TO €0 - ‘
Q8=Q8+U/1080\MARK(".“;98;E2(I))\NFXT I

FOR I=61 TO P\AB=AB8+9%l)/1800

MARK( " %, A8, E2CT ) NNEXT 1

CHTRC 1 NCOMMC "STRAIN=-TIME", . 6%T, .96%E) L
COMMC "SAMPLE # ", .6XT,.92%EX\PRINT N .

REM — ==
REI PLOT--LOAD US. TIME

——

REM ———m— e e
CHTR(Z2ONTHPUT F$N\CHTRCIINCHTR(1)

PRINT "EMTER ESTIMATED LOAD LEUEL IN LB FUR SCAL" :\NINPUT F

CHTR(C 3)\CHTR(B\PHYL( 188, 568, 80,700 )
SCAL(B,8,T,8,F NCHTR(2>\PLOT(B,08>
LABL{"TIME", "LOARD",T/18.F,20,1)
CHTR(B)I\PLOT(B,B8)\PLOT(T,8>\PLOT(A, G)
PLOT(B,F)>\PLOT(B,0)

CHTR( B ONAB=0

FOr I=1 TO 60

40€6 AB8=RB+U-10880P3( ] )= QBS(P(I))’RI

468@

MARKC" " A8, P3CT )ONHEXT 1

o



by o =B

4100, FOR 1=61 TO P\as 98+Q*U’1000 -

4120 P3CT»=ABRSCPCT)-KINMARKC" . ", A8, P3tI>)\NEAT I
4140 CHTRC 1 ONCOMMC "LOAD=TIME", : PXT, . 96%F > >
4160 COHMC"SAMPLE # ", . 7%T, . 92%F ™PRINT H¢ ‘
4180 CHTRC2NTHRUT F$N\CHTRC3)NCHTRE 1) :
4200 PRTHT "HAS THE LOAD LEVEL RIGHT 7";~THPUT W$
.4220 IF H$¢"v" THEN GO TD 3200

4240 CHTR(3)

42cQ STOP

4280 REH == mmmmmmmmm oo e e
4300 REM - RECALL PREUIOUS TEST DATA FOR PLOTTING -

4320 REH m— e e e e e e e
4340 OPEN “DiX1."&H$ FOR INPUT AS-FILE #1

43608 RINP(P,1,0.E6) ’
4380 P=P(1)X\S1=P(2)\P=P-2 e
4400 FOR 121 10 PAPCIo=PC 142 NHEXT 1 -

4420 AINP(S,1,1.E7)

4440 CLOSE #1 , | :

4166 RETURN -

4488 REM —————n e ——————————— : -
4508 REM - , . . ‘

4520 REM ~mmm e e e e -

. 45408 U=3 . S
4560 FOR I=1 TO P

4588 L1=L8+(S(1)>-51)/K

4668 S3¢1)>=9.81*kABS(P(1))%L1,2.2046-A0./K1-L0

4620 E2(I)——LOG(L1/LB)

4646 IF UCS3CI) THEH U=S3(1) ,

4668 HEXT I : . -

4680 FOR 1=1 TO P ' -

4760 PRINT 1,53C1)> E2C1)

4720 NEXT 1 |

4748 PRINT-"MAX. STRESS +",U

47€08 PRINT “EHTER STRESS LEUEL FOR: SCRL"\INPUT u

4788 RETURN ’ . .

vz
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STA

108
2
30
4Q
S0
o0
20
80
85~

- -95
128 COMMOH N$¢, Ni.‘HS T$,P,E,E1,R1,R2,R3,L8,08,A8, T1,T2,T3,T

TC

REHM
REM
REM

REM

REM
REM
REN
REM
SO RENM

. MTS BASIC UAIR-02D

. — — — — ST W . GEP Gt STE G D W A S G U P S G L TR S S U G G S i S SR G D P S SRR Gy P G Y S W G G A G S D G VP S S A G, A T G = S

THIS PROGRAM PROUIDES REAL TIME COHTROL AMD DATA

ACQUISITION, UIA AN MTS 433 HARDWARE IMTERFACE UNIT,
FOR COHSTANT TRUE STRAIN RATE INTERRUPTED COMPRESSION TESTING

OH AN MTS CLOSED*LOOP ELECTRORYDRAULIC MHTERIRL TESTING SYSTENM.

PROGRAMMED BY ALFRED A. MACCHIONE.
REUISED NITH THE ASSISTANCE. OF RICHARD BERGLY OF MTS.

——*“-——m—-p-—-—m———-—-—-—.—-—---**

REH

- —

130 COMMOH P1,P2,P3,P6,51.,87,Y1,Y2, U2 B(6165,C(618>

150
160
180 REH— ’

- 190 REM

208 REN
210
220

DIM X(618>,Y(618)5,2(610)
DIM B1(288)>,B2(2108),B3(156), Cl(QGB) C2(218),C3¢ 158>

- cap. w————

INPUT TEST CONDITIONS B

- A S A T T S G S D S T T A, A -— e

230 PRINT
-249 PRINT
256 PRINT
260 PRINT
278 PRINT
288 PRINT

290"

PRIHT

308 PRINT
318 PRINT

320

PRIHT

338 PRINT

CHTRC3\PRINT “SAMPLE NUMBER “SNINPUT H$
PRINT "MATERIAL "NINPUT M$

"HEAT TREATMENT "\INPUT H$

“TEST TEMPERATURE “NINPUT T$ -
"PRE-STRAIN "NINPUT P :
"TOTAL STRAIN “N\INPUT E

"TRUE STRAIN RATE C(1-/SEC) "~INPUT El

"STROKE -RAHGE (MM> “NIMPUT Ri

“LOAD) RAHGE (KN)> "NINPUT R3\R2=R3-4.4482%1000
"SPECIMEN HEIGHT <(MM> “NINPUT LO :
“"SPECIMEM DIAMETER (MM> "NINPUT 0O

"HOLDIHG TIME DURING INTERRUPTION (SEC) "\INPUT T2 i

MSTROKE OFFSET DURIHG INMTERRUPTIOM (MACHINE UNITSMNINPUT S?

612



£33
"»0”,.4 - ,

344
350
3c0
370
380
390
400
410
429
430
440
490
460
470
4808
490
560
510
520
030
540
556
560
5706
580
590
660
610
620
638
640
650
€60

670-

€380

REJ——————— —————————

et

-

CHTRCINMSIH C2NFGLICA)D ‘

PRINT "CHECK THE FOLLOWING:"N\PRIMT

FPRINT "DC ERROR IS O"

PRINT “REMOTE-LOCAL SWITCH TO RENOTE"

PRINT "SPAN 1 IS AT ZEROD"

PRINT "STROKE COMTROL"NPRINT

PRINT “PRESS RETURN TO COMTIHUE":NIMPUT F$NPRINT

PRINT “TURN ON THE HYDRAULICS"\PRINT

PRINT “SET /'SPAN 1' TO 10"
EEAHT SPRINT "PRESS RETURH T0 COHTIHUE";\IHBUT F$\PRINT
REM - \ . -DUMP CHECK ‘
REM S S -

EOMPNSDMP( 1, 93 IF A=B THEN 5306
PRINT "DUMP CARD PROBLEM. UNABLE TO FINISH TEST. "

PEINT NPRINT “TURN OFF THE HYDRAULICS."\STOP L
REM=—————mm- e e e —
REN nuromnrlc POSITIONING OF PISTON

OUIT\B"O\C’G\BI-B\BZ 8\83‘6\01-8\02 B\C3= B\CNTR(3)
DACEK B,R1.,0,8 > DACA(AB,S1,2,8)>

PRINT “THE PISTON IS.AT "S1i" MACHINE UNITS"

PRINT "THE .LOAD OM THE SAMPLE IS "@1" MACHINE UNITS"
PRINT "DO YOU WISH 70O POSITION THE PISTON AUTOMATICALLY "
THPUT F$N\IF F$="YES" THEHN 610

PRINT "PRESS RETURM WHEN PISTON IS IN THE PROPER PUSITION"
IHPUT F$\GO TO 660

FOR I=1 TO 2847

IF 1>1588 THEH STOP

12=51-1\EG1CI2)\DACG(B,01,8,0) -

IF Q1<{=-4 THEH 660

HEKT 1

DACQ(B,0Q1,08,8)\DACO(G,S1.,2,08)

PRINT "THE PISTOH IS AT “Si“ MACHINE UNITS"
PRINT "THE LOAD ON THE SAMPLE IS "0Q1" MACHINE UNITS"SNPRINT

912



~ - ™ ) =
B0 REM e e e e e e e e e e e e
SO0 REM . COMPUTE TEST PARAMETERS

L I R e T e
720 T1=P-E1\REM-CALCULATE DURATION OF PRE-STRAIM AND RESUMED TEST

730 T3=LOGCENPUE-P )+S7%¥R1/2047XERPCE >“LB X EINT=T1+T3
740 AB=PIACDO- 2)~2 \N=THTC T¥1@0 )\R=130"R4=0
790 M =THTCPACELXT 2N ONN3=H-HM1
760 IF T2<10000 THEN 780
770 H2=6060\RS5=1\A3=7 .
’80 1F T2<1000 THEN 800
7590 HR=400\R5=1\A3=7\G0 TO 890
800 IF T2<{180 THEH 820
810 H2=90\R5=1\A3=7\GO TO 890
820 IF T2<10 THEH 840
830 H2=5\R5=1\A3=7\GO0 TO 898
840 IF T2<1 THEH 860
850 2=2\R5=20\A3=2\GO0 T0O 830
868 IF T2<.1 THEHN 880
T 870 H2=2\R5=50"A3=1\G0 TO 898
8608 H2=1\R5=100\A3=0
898 R 1)>=IHT(2847%N1 /¢ TI¥R Y+ . 5)\K=N1+1
9008 Y(1)O)=THTC(20847%M2/7¢ T2¥RS )+ .5)\Y=N2+1
310 ZC1)=THT(20847%M3/7¢( T3XR >+ .5)\2=N3+1
9286 FOR 1=2 TO Ni+1
336 XCI)>=2047 /RI1¥LBX(ERP(-P¥(I-1)>/N1)>-1)>+SINNEKT 1
840 12=X(111+1)>+87
953 FOR 1=2 TO M2+t
960 V(I D=KCHTI+1 )+SPNNERT 1
970 . M1=2847/R1XLBCEXP(-P)-1)+57
9808 FOR I=2 TO H3+1
998 2t 1)>= (284?/R1*L8*EYP(—P)+S?)X(EXP(( ~E1%kT+P )¢ I—1 >/N3)>-1 M+S1+M1
1808 HEKT 1 .
1010 YL=INT(E/E1%40+.5) -
1028 IF T2>.2 THEH GO TO 10480
1820 Yv2=19~\U2=1\GO TO 13108

L1G




-

6o : f ot
1040 IF T2>.5 THEN GO TO 10€0
1050 Vve=25\U2=1\G0 TO 1318 .
1060 IF T2>1 THEH GO TO 1880
1070 Y2=50\U2=1 G0 TO 1310 .
1060 IF 722 THEH GO 70 1166
1a9] Y2=100\uz2=1\G0 TO 1310
1100 IF T2>4 THEN GO TO 1126
1110 v2=280\U2=1\G0 TO 1310 ’
1120 IF T2>8 THEH GO 70O 1149 X
1130 ¥2=400\U2=1\GO TO 1310
1140 IF T2>16 THEH "GO TO 1160
11506 yY2=800\U2=1\GO0 TO 1310
1160 IF T2>32 GO 1O 1188 \ ) .
1170 v2=1600\U2={\G0 TO 1310 ’ : -
1183 IF T2>64 GO TO 12008 - '
1190 Y2=1680\U2=2 G0 -TO 1310
1200 IF T2>128 THEM GO TO 1220
1210 Y2=1600\U2=4\GO TO 13106
1220 IF T2>256 GO 10 1240
238 YZ2=1680\U2=8\G0 TO 1310
1248 IF T2>512 GO TO (1260
1259 v2=1680\U2=16\G0 TO 13106
1268 IF T2>1824 THEH GO TO 1280
1276 Y2=1680\U2=32\G0O TO 1310
1280 IF T2>16080 THEH GO TO 1300
1298 Y2=1608\U2=380\G0 TO 1310
1366 Y2=1608\U2=3200 |

1310 REM~mmmmm e o m e e
1328 REM ' COMPRESSION TEST

1330 REM————— = e e e e e e
1346 PRINT "PRESS RETURM TO BEGIN COMPRESSION TEST"\IMPUT F$

1358 TIMECY1,ES>\DACQ(3,B1.,08,1DACACE,.C1,2.8>
1368 FGL1(X,1,7,A4)\5TAR
- 1376 BUF](Z4)\IF 24>-1 GO TO 1370

1386 FGICI2)

‘81



e ey o e v

(<2

o~

1385 BUF1(27

! {

2 NIF. 27>-1-GO TO 1385

1390 QUIT~\Fi=R1 -
1400 TIMECY2.EEZWDARCACS, B2, B, U2\DACQ(6.C2. 2,27

1410 FGICY,
“ 1420 BUF1CZENTF Z§>*1 GO TO 1420

1.7.A3INSTAR ’ . f

1420 QUITNPZ=R2
1440 TIMECY1,E7? ™DACRC3,B3,0, 1 \DRCOCE. L3, 2.2

1450 FG1(2,1.,7:A4)\STAR ‘ \

1450 BUF1(Z6INIF 26>-1 GO TO 1468

1470 QUITN\P3=B3
1480, FOR I=S4 TO ONFGICTONNEXT I

1490/ P6=P1+P2+P3\CHTR( 3)

1500 PRINT
1510 PRIHT.

1520 REH---

1530 REM

1540 REI—-

1550 PRINT
1560 PRINT
1576 'PRINT
1588 PRINT
1590 PRINT
1608 PRINT
1616 PRINT
1628 PRINT
1638 PRIHT
1649 PRINT

1650 PRIHT

1660 PRINT
1676 PRINT
1689 PRINT
1650 PRINT
1760 PRINT
1716 PRINT

17206 PRINT

"TEST TERMINQTED“\PRIHT
“"TURH OFF THE HYDRAULICS"

-~ | -~

_——

A A G S W S I B D W A U G WS e G s S S G Y G GHD-ARIE ST SETTES GITD IR D SER D N G G A WD G G S SR T D G

DUTPUT EXPERIMENTAL CDNDITIONS

. — — —— . G o . — i~ L S S W W G Gy W

"PRESS RETURN FOR OUTPUT"\INPUT F$\CNTR(3)
INTERRUPTED COMPRESSION TESTING“NPRINT

“"SAMPLE NUMBER: "N¢$"" "

"MATERIAL: Mgt

"HEAT TREATHMEMT: MHgM

“"TEST TEMPERATURE: PT$YU\PRINT

"TRUE STRAIM RATE:"E1" 1{-SEC"

"PRE-STRAIN: "p""

"TOTAL STRAIN: “E"*

“TOTAL DEFORMATION TIME: "T* SECONDCS)>"

“IHTERRUPTION TIME: "T2" SECOND(S>"\PRINT

“STROKE OFFSET ' DURING IMNTERRUPTION: 'S?" MACHINE UNIT(S)>"

"RATE OF DATA ACARUISITION" .

" DURING LOABIMG: . "¥Y1" TENTHS MSEC"

" DURING INTERRUPT: "y2" TEMTHS MSEC" .

" : . MULTIPLES OF »ua2¢ ®

"STROKE RAMGE: "Ri" MM" -

"LOAD RAMGE: "R3" KM“N\PRIMT

612



o

[
=l=)=dN3-d
=IO L (A

DDOoOD00

1990
2010
2026
2020

READY

L 3
\m} N ¢ ‘

PRINT "SPECIMEN HEIGHT: "L@" Mp"

PRIHT “"SPECIMEM DIAMETER: "DO" dM"
PRIHT “SPECTMEH CROSS-SECTIOHAL AREA: "AB" SQUARE MM"\PRINT

PRINT "“Hi" LEVUELS FOR FUNCTION GENERATION DURING PRE-STRATIHY
FRINT ““H3" LEUELS FOR FUHCTIOM-GEHERATIOH DURIHG RESUMPTIOHY
PRINT ““H2" LEUVELC(S) 'FOR FUNCTION GEMERATION DURIHG THTERRUPTIOH®
PRINT “FREQUENCY RANGE DURING INTERRUPTIOH: “RS" HZ2"“PRIMT
PRIMT "DATA POINTS DURING PRE-STRAIN AHD UNLOADING: “"piv »
PRINT “DATA POIMTS DURING INTERRUPTION: "pz2"

PRINT "DATA POIHMTS DURING RESUMPTIOM: "P3"% "N\CNHTRC4)>\CNTR(3)
FOR I=1 0 PINBUCID=BICIONCCID=CICINNEKT I o

FOR I=1 TO P2 \BCI1+P1)=B2CI NXCCI+P1>=C2¢ 1 »NEXT 1

FOR 1=1 TOR3INBCI+P1+P2)=B3C I NC(I+P1+P2)=C3C I )NEKT 1

PRINT “DO Y9U WAMT TO SEE A PLOT OF THE EXPERIMENT “\IMPUT D$

IF D$="YESH 1960

IF D$="HO" THEN %)

GO TO 1870
CHAIH "DX:PLOT.BAS" LINE 678 =

PRINT “DO YOU WANT TO SAUE THE DATA “NINPUT F$
IF F$="YES" THEN 1960 |
IF F$="HO" THEHL 1550

GO TO 1918

DUMP\MSW1( 2 \STOP

FOR I=P6+2 TO 3 STEP -1\C(I)>=C¢I- 2)\HEXT I
CC 1 )=PENC( 2)=51

OPEH "DX1:TEST"&H$ FOR OUTPUT AS FILE *1
AOUTCC, 1;8,E4)

AOUT(B,1,2,E5) )

CLOSE #1\GO TO 1950

EHD .

“02a



PLOT

1048
110
120
130
140
150
160
170
- 180
194
204
210
220
239
240
250
260
270
. 288

300
310
3208
330
340
350
3608
370
380
.. 298

409

. MTS BRSIC UB1B-02D
REM == e o e e e e e e e e e e e e e o e e e e e e
REI: : PLOT ,
REF
REM THIS PROGRRN PRODUCES GRQPHICﬁL SUTPUT OF EXPERINENTRL '
REM DATA OBTAINED DURIHG INTERRUPTED COMPRESSION TESTING AND -

REM STORES DATA FOR FUTURE USE. THE PROGRAM MAY ALSD BE-USED
REM TO RECALL OLD DRTQ/FOR PLOTTING.

REM
REM PROGRRMMED BY QLFRED fA. MACCHIONE.
REM REUISED WITH THE ASSISTANCE OF RICHRRD BERGLY OF MTS

CHTR(3)
COMMON H$,M$,HE, TS, P, E E1,R1,R2, R3 LB D6, A4, Tl 12,73, 7

COMiM04 P1,P2,P3,P6,51,87.,Y1, Y2 U2,B(618),CC(618)
gén S3(610)>,E2(618) , ,

RE INPUT TEST PARAMETERS :
PRINT "sngégg:E§\INPur'Hs - ;

PRINT "MA 1AL "\INgUT Ms$

PRINT “HEAT TREATMENT ““INPUT H$ \

PRINT "TEST TEMPERATURE "NINPUT T$

PRINT “PRE- STRQIH"\IHPUT P

PRINT “TOTAL STRAIN"NTHPUT E

PRINT "TRUE STRAIN. RATEC1/SECY “"NIMPUT EI

PRINT "STROKE RANGE (MM> “NINPUT R1 ' '
PRIMT "LOAD RAHGE (KH>'NTNPUT R3\R2=R3-4.4482%1000 ?
PRIMT “SPECIMEM HEIGHT (MM> "NINPUT LB .

PRINT "SPECIMEN DIAMETER-(MM)> “NINPUT DB

PRINT “HOLDIMG TIME DURING IMTERRUPTION (SEC)"NINPUT T2
PRINT "STROKE OFFSET DURING IMTERRUPTIOH (MACHINE UNITSMNINPUT S




v

Q‘, "WT

405
-410
4120
430
44Q
450
400
470
480
450
o080
ola
520

040
559
060
570
560
290
610
620
.6730
640
6506
" 660
670
680
690
/60
10
© 728
7’30
746
[g+1%

CHTRCZ)

PRINT
FRINT
PRINT
FRIMT
PRIHT
PRINT
PRINT
PRINT

"TIME INTERUAL FOR DATA QCQUISITION (TEHTHS MSEC >"
"DURIMG LOADING, UNLOADIHG, RELOADING"NINPUT ) ¢ T

MDURTHG INTERRUPTION"XINPUT ¥2

"DATA ACQUISITION MULTIPLIER DURIHNG IHTERPUPTIOH"\IHPUT yz
"ENMTER MUMBER OF DATA POINTSY

"DURIHG PRE-STRAIN AND UNLOQDIHG"\INPUT PL.

"OURTHG ITHTERRUPTIOH"NINPUT P2

"DURTHNG RESUMPTIUN“\IHPUT P3\P6=P1+P2+P3

AD=P[%¥DB~2-4
T1=P/E1
T3 LOGCEXPCE-P WS?*RI»’ZB‘%"*EXP( E>/LB)-EL

REM

DRTQ RECQLL

REM-

—

OPEN_ “DRk1: TEST"&H$ FOR INPUT QS FILE “l

ATHP(C,1,8,E6)
P6= C(!)\SI =C(2)

FOR I=

3 TO P6 RINPCC,1,8,E6 )\HEXT 1

ATNP(B,1,2,E7)>

.FOR I=

CLOSE

,FOR I=

1 10 PS\C(I) FCCI+2ONNEKT 1 :
#1 : - -

1 TO P6:L1= LB+ C(I>-S1 )/294?*521

S3C 1)=9.81¥ABSCBC I > XL 1.,2. 2046.,A0-20474R2/LBNE2C I >=-LOG(L1-LA) .
IF <S3¢I)> THEH U=S3¢1)> | |

HEXT 1

U=4 kU 3 PRIHT "MAXIMUM STRESSY.U." MPA"

PRINT
PRINT
PRINT

"EHTER STRESS LIMIT (MPRI"NINPUT U -
"ENTER STRESS INTERUAL ¢(MPAM“NIMPUT UL © - _ ~

M"PRESS RETURH TO COMTIMNUE"

444




e

= 760
’70
Z8qa
a0
By

. 810
-82Q
830
840
890
860
87N
880
890
9060
910

- 920

938

) 940

950

9en

5706

984

998

1660

1016

1620

1830

1840

1050

16€0

¥2rg5%!

1080

1890

I'ipo

-~ A

IHPUT K$ o

CHTRC 3)NCNTRC @ ONPHYL( 188, 900,808, 700 )

ACALL 0,0 .E.0.UINCHTRC 2 >PLOT(B.08) _

LABLC " TRUE STRAIN®."TRUE STRESS MN<MA2". 1,U1,1)

LABLOY M, 0 M, 02,0175, 3)\CHTRC@O\FLOTCO, B3 PLOTCB,U)
FLATCE.UNPLOT(E, @)\PLOTCB. AXNCHTRC 1) > -

COMMC SSAMPLE #", . 5%E, :963UINFRINT H$

COMIS "HEAT TREATHMENT : ", .B5%E, . 9¥UO\COMMCHS . . 4%E, . 9%U) -

COMHC "TEST TEMPERATURE:", .O5%E, .87%U)

COMMC TS, . 4%E . . 87U INCOMMC "STRAIN RATE:", .B5%E, .83%U)

PRINT E1\COMMC " /SEC", .4%E, .83%U) s
COMMC "PRE STRAIN:", BSXE, .8XUMPRINT P : ,
COMIC "HOLDING TIME:",.@SXE, .77%UNPRINT T2

COMHC "EEC. ", . 4XE, . 77XUNCNIR(ZY - ' .
PLOT( D, B))\CHTR(B) R
FOR 1=1 TO P1\MARK("+",E2¢1),S3C 1) NHEXT 1 ‘

FOR I=P1+P2+1 TO PE\MARK("+%,E2¢1),S3C I )NHERT 1

IHPUT F$\CNTRC3) ..

PRINT "ENTER STRESS LIMIT (MPA>“NINPUT U

PRINT “EMTER STRESS INTERUAL (MPAD“NINPUT UL -

PRINT "PRESS RETURM TO CONTINUE“NINPUT F$

CHTRC3INCHTR(B)

PHYLC 100,960, 80, 780 )\SCAL(B, .79%P, 1. 1%P, .3%U,U)
CHTRC2)>\PLOTC( .75%P, .5%U)>

LABLC "TRUE STRAIN","TRUE STRESS MN/M~2%, .B2,U1-/5,1)

LAaBLCY ", i, 4 BERBBE-B3,U1,28,3)\CNTRCBN\PLOTC . 75%P, .S5%U)
PLOTC .75%P,U> , , -
PLOTC . 1P, UDPLOTCL . 1%P, . SXUXPLOTC . 75%P, .5%U>

CHTRC 1 )NCOMMC "SAMPLE #", .77%P, .95%U)>

PRINT H$NCOMMC "MAXIMUM FLOW STRESS DETERMIMATION", .?7%P, .92%U)
CHTRC 2 )NPLOTC . 75%P., . SXU3)O\CHTRC@A> . _ .

FOR I=1 TO Pl -

IF 83¢1)C.5%U THEM GO TO 1i1@ ~

IF E2¢1)>>.75%P THEM MARKC"+",E2CI),83C1 M

e O

—r—
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&

QI NI (O e
OOo0ooDoOCo0O

LS e Y el

J
— O\D
SO

[ &8

Ll S e e el e N o R ™

(8]
Y]
@

1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
13506
1360
1370
1380
1390
1408
1416
1426
1430
1440

1450

REM== = m oo e e e

£ :

HERT 1 ,
CHTRC2 M IHPUT F$NCNTR(3)

RE M= = e e e
REM INITIAL YIELD REGIOM - PRESTRAIM

=0

FOR I=1 TO P1

IF E2CI)>.075 THEN 1280 - ‘

IF UCS3C1 > THEN U=S3CT1) -
HEXKT 1

U=4fU/3\PRINT "MAXIMUM STRESS",U

PRINT "ENTER STRESS LIMIT (MPAX"NINPUT U

PRINT “EHTER STRESS INTERUAL (MPA>"NINPUT Ul
CHTR(3\CHTRCA\PHYL( 100, 560,89, 700 )

SCAL(B.0, .675,8,UXNCNTR(2)\PLOT(O,8>

LABLC "TRUE STRAIN","TRUE STRESS MN/M~2", .B1,U1,1)

LABLC" “," ",2.088800E-03,U1/5, 3 CNTR(BN\PLOT(B,8)

PLOT(8,UXPLOTC .873,U>PLOTC.875,8 ) \PLOT(B,8)CNTR(1)

COMMC"INITIAL YIELD REGION",4.06808BE-83, .96%U).
COMM( "PRE-STRATIH" , 4 "80BBAE-03, . 92%U> ‘
COMM( "SAMPLE #'",4.00008BE-83, .88%UPRINT N$
CHTR(2)\PLOT(8, B>\CNTR(B)> '

FOR I=1 TO PINIF E2(1)<=.875 THEN MARK("+",E2(1),S3CI>)\NEXT 1

CHTRC2ONIHPUT F$
CHTR( 3

FOR I=P1+P2+1. TO P6

IF UCS3(1)> THEN U=83C(I)

HEXT 1

U=44U-3

PRINT "MAKIMUM STRESS",U," MPA"

PRIHT "EHTER STRESS LIMIT (MPAD“NINPUT U

h£44



1460
1470
1480 -
1490
1500
1510
1515
1520
1530

- 1540

155

15606
1570
1580
1590
16060
1610
1620
1630
16406
16508
1660
1670
1680
1690
1700
1719
1 220
1730
1740
1750
1760
1770
1760
1796

~ .

FRIHT "ENTER STRESS INTERUAL (MFAJ"N\INPUT Ut g \\

CHTRCZIDNCHTRCBAONPHYLC 1640, 500, 80, 700>

SCAL(O.P~.02,F+, 055,08, UNCHTR(2PLOT(P-.062,0)

LABLC "TRUE STRATHY,“TRUE STRESS MH Ma2", .01.U1,1)

LABLC" “." ", 2. 000AOE-G3,U1. /5, 3)NCNTRCBI\PLOT(P-.082,8)
FLOTCP- .02, UNPLOTCP+ . 655, UONPLOT(P+.855,8>
PLOTCP-.02.8) :
CHTRC1NCOMMC"IMITIAL YIELD REGICH",P+4.080B0BE-83, .96%U)
COMMC "RESUMPTION", P+4 . B0RBBE-B3, . 92%U>

COMM( "SAMPLE #",P+4 . BB0GB0E-G3, .88%UNPRINT N¢

CHTR(2\PLOTC(B, B> CNTR(B)

FOR I=P1+P2+1 TO P6NIF E2(I X= P+ 875 THEN MQRK(“+",E2(I);S3(I))

KEH-—

ggn LOAD- TINE AND STRQIN =TIME PLOT
CHTRC2 )\ RHIPUT, F$NCHTR(3)
TS=(P1+P3)%Y1-10000

PRINT “TEST TIME: “TS"“ SEC“

PRINT “"ENTER TIME SCALE C(SEC)>"NINPUT T4

PRINT "EMTER TIME INTERUAL ¢SEC)>"N\INPUT Té

CHTRC 3)NCHTRC B )\PHYL( 188,508, 688,700 .
SCAL(B,8,T4,0,EICNTR(2)\PLOT(0,0) ]
CHTR(BINPLOT(8,0) \PLOT(B,ENPLOTC(T4,EX\PLOT(T4.0)
PLOTC8, 8>NLABLC "TIME", “TRUE STRAIN“,T6,.1,1)
LABLCY »," %, T6-10, .05,3)

COMMC “SAMPLE #", . 1XT4, . 9*5)\PRINT N$
CHTR(B ) AB=0

FOR 1=1 TO P1 ,

MARKC " . ", 48, E2CT D) + _ //

AB=AB+Y 1160060 :

HEXT 1

FOR 1=P1+P2+1 TO P6

MARKCY .Y, AB,E2C1 )

AB=AB+Y1-/10068

R 144




1806
1810
1820
1830
1840
1850
1860
1870
16808

18390

1960

1919
1926

1930
1940
1950
1960
1973
1986
1990

2000
2010

2028
2830
2040
26508
2060
2670
2080
2098
2100

‘2110

2120
2130

2140

R

|
!

HENT 1 ,
CHéR(°)\INPUT F$\CNTR(3>;

U= . o
FOR I=1 TO P6. T
U2=ABS(B( I Y)~2B847%R3 ’ o ) - o
1F UCU2 THEN U=U2 E : :

HENT I : | \
TSCCCP1+PE kY 1+P2XY2EUR 510080

PRIMT "TOTAL TIME:"TS" SEC."

PRINT "EMTER TIME SCALE (SEC.)"NINPUT.-T4 .

PRINT- “"EMTER TIME INTERUAL (SEC. )"\IHPUT T6

PRINT “MAXTMUM LOAD",U," KN"

PRIHT "EFTER MAXIMUM LOAD LEVEL ¢KN)"NINPUT U

PRINT "ENTER LOAD INTERUAL (KN)>"NINPUT U1

CHTRC 3O>~CHTRCO>\PHYL( 188,500, 86.708) :

SCALCD,8, T4, 0, UINCNTR(2\PLOT(B,8) -

LABLC " TIME", "LOAD KN“,T6.UL,1) -

LABLC® ", " ,T6-18,U1,5,3> -

CHTRCB)NPLOT(B, @ )NPLOTC @, UI\PLOTC T4, UINPLOTC T4,0)

PLOTC B, @ >NCHTRC 1 ONCOMMC "SAMPLE_#°, | 1%T4, _9¥UDNPRINT N$\AB=0
FOR I=1 TO P1\PS=ABSCB(I))/20474R3

MARKC * . ", AB, PS5 )NAB=AB+Y 1/ 1 BBBBNNEXT T

FOR '1=P1+1 TO P2

PS=ABS(B( 1 >>72847%R3 ) :

MARK(" . ", AB, PS5 )\AB= 98+Y2¥U2/IBBBB

HEKT 1 : \

FOR I=P1+P2+1 TO P& ] . ’ . -
P3=ABS(B(1 >)>72847%R3 ‘ e

MQRK(“.“;QB,PS)\H8=Q8+Y1/18860

g5?£65>\rupur FS\CHTR(3> o ).’ ~ |

A e
PRI 05 Y0 WAl 10 SAUE. THE DATATINPUT F¥ s




2150 IF F¢="YES" THEN 2150 .
‘2160 TF F$="NO" THEN 2180 -
2170-G0 TO 2148

2180 DUMP\MSW1(2)>\STOP

2180 FOR I=Pe+2 TO 3 STEP -I\C(IF;C(I—°)\NEKT T

2200Q.C(1)=P6\C2)=51

2210 OPEH “DX1:TST"&N$ FOR DUTPUT QS FILE #1
22206 ACUTCC,1,8,E4)> .

2240 AOUT(B, 1.2,ES)

2250 CLOSE #1 .

2268 GO T0O 21806

2276 END -

’—REQDY . ’ i - . ' ‘-‘ \

LG




