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ABSTRACT
Distinct serrations had been observed on the stress-strain curves of various steels
tested previously at hi& temperatures (950-1 100QC) at McGU University.

An

explanation proposed for this behavior was that dynamic s a a i . aging (DSA), caused by
the presence of substitz&onaZ elements, was taking place. To investigate the possibility
that the jerky flow was caused by an interaction between dislocations and substitutional
elements, the conditions of temperature and strain rate under which serrated yielding had
previously been observed were explored In addition, some of the same material/
was
utilized in the testing.
Much of the previous work on DSA in steel has focused on the effect of
interstitials, namely, carbon and nitrogen, rather than that of substitutional elements.
Tbese studies have been conducted in the blue brittle region (Le. 109-400°C), where the

a

difhsiv-ity of the interstitial elements is sufficiently rapid for them to keep up with the

moving dislocations. However, for substitutional elements to obtain enough mobility to
induce DSA, the temperature range must be significantly higher.
The effect of substitutional elements on DSA in steel was examined in torsion

and, although numerous tests were formulated and canied out in an attempt to gather
evidence for this phenornenon, no firm data for the occurrence of DSA were obtained.
Further experiments and analysis will be required to gain a better understanding of the
behavior of DSA at elevated temperatures, particularly for the case where dynamic
recrystallization is taking place. A testing method might then be devised that could make
the effect of DSA more evident.
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Des pics très particuliers ont été observés sur les courbes contrainte-déformation
de différents aciers déformés à haute température (950- 1000°C) à l'université McGill,
L'existence d'un phénomène de vieillissement dynamique sous défomation causé par les
éléments substiiutionnels a été proposé pour expliquer ce comportement. Afin de vaifier
si les oscillations brutales des courbes de déformation étaient dues à une interaction entre
les dislocations et les éléments substiîutionnels, les conditions de température et de
vitesse de déformation pour lesquelles ce phénomène avait été observé ont été explorées.
De plus, les tests ont en partie été effectués avec ces mêmes matériaux.

La plupart des travaux précédents sur le phénomène de vieillissement dynamique
sous déformation des aciers se sont intéressés à l'effet des interstitiels, c'est-à-dire le
carbone et l'azote, plutôt qu'à celui des substitutionnels. Ces études ont été effectuées

dans le domaine de fkagilité au bleu (100-400°C), où la vitesse de difision des
interstitiels est sufnsante pour accompagner les dislocations en mouvement. Toutefois,
dans le cas des substitutionnels, il est nécessaire d'augmenter la température de manière
significative pour que la vitesse de diffusion soit sufnsante pour induire le vieillissement
dynamique sous déformation.
L'effet des éléments substitutiome~s sur le vieillissement dynamique sous
déformation a été étudié à l'aide d'essai de torsion et, bien que de nombreux testGent été
effectués, aucun résultat n'a permis de mettre en évidence de façon certaine la réalité du
phénomène. De nouveaux essais et analyses seront donc nécessaire pour obtenir une
meilleure compréhension du vieiilissement dynamique sous défomation à haute
température, en particulier dans le cas où le métal subit une recristallisation dynamique. Il
est donc nécessaire d'imaginer une nouvelle méthode d'étude qui permette de mettre en
évidence de maniere plus claire l'effet du vieillissement dynamique sous déformation.
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There are two types of strain aging that can be disthguished: static strain aging
(SSA) and dynarnic strain aging @SA). Static strain aging refers to the hardening of a

0

material that has undergone plastic deformation and which is subsequently aged for a
period of time. The strengthening effect results ikom the diffusion of solute atoms to
dislocations during aging. The formation of solute atmospheres around dislocations
effectively pins, at least temporarily, the dislocations and restrains them f?om M e r
movement upon reloading; these events consequently lead to an increase in the yield
strength. A higher stress is then required to tear the dislocations away fkom the solute
atmospheres. Strain aging rnay also increase the ultimate tensile strength, reduce the
ductility, and raise the ductile-to-brittle transition temperature. Generally, in steel, the
elements responsible for strain aging are carbon and nitrogen. This is due to the
significantly higher diffhivities of interstitial solutes compared to substitutional solutes.
The diffusivities are also a strong function of temperature and thus, the extent of

strengthening depends on the aging temperature as well as the aging àme.
In the case of dynamic strain aging, the aging process occurs dunng defoxmation.
5

a

Solute atoms possess enough mobility to catch up with the moving dislocations and
impede dislocation motion during deformation. Dislocations become temporarily pinned

Cha~ter1
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by obstacles, at which time solute atoms diffuse to the dislocations and Zock them. The

a

repeated pinning and unpinning of dislocations w i t - the DSA domain is manifested on
a stress-strain curve by serrations, d s o known as jerky flow or as the PortevinLeChatelier (PLC) effect- DSA develops when the diffusivity of the solute atoms
approaches the dislocation velocity. The occurrence of DSA is therefore dependent on
temperature and strain rate: the diffusivity is a h c t i o n of temperature while the
dislocation velocity is govemed by the strain rate.
Nthough serrated yielding is the most visible evidence of DSA, there are also
other manifestations of DSA. These include an increase in the flow stress, an increase in
the work hardening rate and more importantly, a negative strain rate sensitivity. In fact, it

has been shown that these properties are affected over wider conditions of temperature
and strain rate than of serrated yielding"?
There has been extensive work on DSA over the last f o m years, particularly on
the effect of interstitial elements in steel and of substitutional elements in aluminum and

zinc alloys.

One area that remains vague and unexplored is the DSA caused by

substitutional elernents in steel. Some workers have d u d e d to the possibility of evidence

0

for DSA~'. Kirihata et al. have reported the occurrence of serrated flow over certain
temperature and strain rate ranges in a Cr-Mo-V-Ni-Nb steel, suggesting that DSA
originaîing fiom substih~tionalelements was responsible for the jerky flow3. It was
reasoned that, over the temperatures explored, 900" to 1100°C, the diffusion rates of the
interstitial elements were too high to contribute to DSA and so, it was deduced that the
serrations were a result of substitutional element-dislocation interaction.

A similar

account of smated yielding over a comparable temperature range was noted by Bai et al.'
They observed serrations on the stress-strain curves of low carbon Nb-B steels tested in
compression at a strain rate of 5 x 104 s". The element they believed to be responsible
for DSA was niobium.
The present study attempts to gain an understanding of solute-dislocation
interactiom at elevated temperatures (> 900°C) and to confinri early reports of evidence
-

0

for the occurrence of DSA caused by substitutional elements. Several types of tests were
formulated to extract evidence for the firm substantiation of DSA. The conditions of
-

temperature and strain rate explored were similar to those where what was taken to be

1L w 4
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serrated yielding had been previously observed3. The Cr-Mo-V-Ni-Nb steel used in the
work of Kirihata et al. was utilized in the testing, as well as several other steels.
Chapter II provides the leader with a Literature review on dynamic strain aging.

An introduction to static strain aging is given, followed by the cause and mafllfestations
of dynamic strain aging. A brïef history of the discovery of DSA is presented, after
which some of the definitions and mechanisms employed to describe DSA are identified
Basically, the pertinent work of various investigators over the last forty years is
highlighted,
Chapter IIIdescribes the experimental techniques and materials used in the study.

The chemical compositions as well as the geometry of the specimen are given. All
mechanical testing procedures were based on torsion as the testing mode. The procedure
for each type of test is elaborated with a brief justification.
Chapter IV presents the experimental results and discusses the relevance of the
findings. Observations are made with regards to the testing procedure together with a
rationale for each method that was chosen. Findy, the conclusions drawn fkom this
study are given in Chapter V.

2.1 Static Strain Aging
The aging process can occur during or after deformation. The aging that takes
place after deformation is better known as static strain aging (SSA). The general features
describing SSA are illustrated in Figure 2.1, which depicts a typical numalized steel

stress-strain curve ( c m e A), a pre-strained steel stress-strain cuve (czcwe B ) and an aged
steel stress-strain (curve C). Cur-veA represents a typical mild steel curve with an upper
and lower yield point. If the steel is then strained to point X and immediately retested, it
will yield stress-strain cuwe B. The upper and lower yield point are no longer evident

and the yield strengtti has increased. If, however, the specimen is allowed to age at room
temperature or above for a period of time and then tested, cuwe C would be obtained In
this case, the upper and lower yield point as well as the Lüders extension are present.
The yield point is now higher than that of the pre-sirained steel because of aging.

SSA is most clearly manifested by an increase in yield stress upon aging after
s û x h h g . Nevertheless, other properties can also be affected by SSA. These include the
dtimate tende strength, the ductility, the ductile-to-bride transition, the high

a

temperature strength, the fatigue strength and the elecaical and magnetic propaties6. As

Cha~ter
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indicated in Chapter 1, SSA is caused by the migration of solute atoms to dislocations and

their subsequent locking. Generalîy, the elements responsible for SSA in steel are carbon
and nitrogen. These interstitial elements have significantly higher diffusivities than the
substitutional elements and c m produce aging effects at relatively low temperatures and
short periods of holding. The effect of nitrogen in strain aging is more pronounced as it

has a higher solubility and diffusion coefficient in steel.

Figure 2.1: Stress-strain curves of normalized steel (curve A), pre-strained steel
(czrnte B) and aged steel (cuwe C)*.
It has been suggested by Hundy (cited in ref. 6) that the aging process occurs in
two stages. The fkst stage includes the diffusion of solute species to the dislocation to
form atmospheres. Stage two involves the formation of precipitates on the dislocahons.
The dislocation atmospheres form ideal sites for the. nucleation of precipitates.
According to Bilby (cited in ref. 7), solutes are drawn to the dislocation core and diffuse
along the core to feed the precipitate particles spaced at intervals dong the dislocation
(i.e. by a process of pipe diffusion). The precipitates contribute to the overall strength of
the matenal, raising the UTS and work hardening rate but lowering the elongation to
fracture. If, however, there is a low concentration of solutes, only stage one occurs.

The practical significance of strain aging cm be manifold. For example, it can
affect cold forming operations by reducing the material's ductility or modi@ the

Chapter II
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toughness properties during cold working. Another processing problem that can arise is
the formation of stretcher strain markings on the surface during deep-drawing due to
inhomogeneous deformation. This behavior can usually be remedied by perfoming skin
pass rolling or roller leveling, which applies a strain to the material (Le. it brings it to

point X in Figure 2.1) prior to the forming operation. If the matenal is not allowed to
age, then the yield point phenomenon will disappear and will not produce the irregular
surface markings. Aging c m also have a positive application. For example, bake
hardening involves heating a preformed product and allowing for diffusion of the
interstitial elements in solution, such as carbon and nitrogen in steel, to dislocations in
order to harden the material. It utilizes the strengthening effects of aging to improve the
mechanical properties of a component.

Dynamic Strain Aging
Dynarnic strain aging @SA) involves strain aging durhg deformation. It occurs
because of an interaction between the moving dislocations and solute atoms. It appears
when the solute atoms, interstitial or substitutional, obtain enough mobility to keep up
with the moving dislocations and form solute atmospheres. Thus, DSA develops in a

certain temperature range where the diffusivity of the solute atoms is sufficient to impede
and disturb dislocation motion. Alternate aging and breakhg away fkom the atmospheres

occurs as the band &ont extends dong the gauge.

The result and most obvious

manifestation of DSA is serrated yielding. The pinning and unpirinirig of dislocations
creates j

e flow on a stress-strain curve, as illustrated in Figure 2.2-

Serrated yielding was first observed by LeChatelier in 1909 when studying the
properties of mild steel at elevated temperatures.
investigated an aliIminum alloy (3.5% Cu

- 0.5%

Mg

LeChatelier and Portevin then

- 0.5%

Mn) and discovered the

same behavior'. Serrated flow was subsequently referred to as the Portevin-LeChatelier
or PLC effect.
The temperature range within which serrated yielding occurs is known as the

DSA or PLC region. Below this temperature range, the diffisivity is too low for the

a

solute atoms to segregate to the dislocations and lock them during deformation. Above
this range, the difiivity of the solute atoms is fast enough to keep up with the moving

Literature Revie w
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dislocations without causing a drag force or impeding th& motion. The two are said to
move in phase unda the influence of their interaction energyg.

ELONGATION, %
Figure 2.2: Stress-strain curve exhibiting the PLC effect in the temperature range
100 to 200°C of a carbon steel strained in tension at dddt = 1.75 x 10-~
(8)

There have been several theories presented to explain the DSA process.
According to Baird, DSA can be explained in terms of solute atoms segregating to
dislocations to form Cottrell atmospheres; alternatively, Snoek ordering (stress induced)
may be involvedlO. Snoek ordering refers to solute atoms jumping into lower energy sites
lying within the stress fields of dislocations. The solute atmospheres and ordering of the
solutes are said to cause a drag force and to reduce the dislocation velocity in this wayI013.

That is, as the dislocation slows down fkom solute drag, more time is provided for

additional solute atoms to migrate to the dislocation and in turn to slow it down even
M e r . The stress required to move the dislocation is subsequently increased and, as this
occurs, the dislocation begins to speed up again. This leads to the 'shedding' of solute
atoms as they can no longer keep up with the accelerating dislocation.
The phenornena of solute drag and solid solution hardening are best illustrated by
the diagram re-constructed from that of Blanc and Stmdel and shown in Figure 2.3".
Cuwe 1 represents the lattice fiction force as a function of the dislocation velocity while

a

Cunte 2 depicts the solute drag force. Both of these curves increase with increasing

Chapter II
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dislocation velocity, particularly the drag force c u v e which rises drastically. Conversely

Cunte 3, denoMg the concentration of diffushg solute atoms, decreases with higher
dislocation velocities. The behavior of the dislocation velocity during DSA is illustrated
by Curue 4. At low speeds (< VM),the solute atoms are capable of keeping up with the
moving dislocations and the dislocation is considered to be in the drag regime. As the
dislocation velocity increases (Le. > VM), it enters an instability regime and the
dislocations begin to puii away fiom the solute atmospheres because the solute
atmospheres can no longer keep up with the accelerating dislocations. As the dislocation
velocity continues to increase to V3, it begins to encounter obstacles such as dislocation
substnrctures and grain boundaries, which tend to slow it down and bring it into the
fiction regime. When the dislocations reach a velocity of V,, the dislocations once

again reach a point of instability causing the dislocations to slow down even m e r and
re-enter the drag regime. This repeated cycle is what causes the stress-strain c w e to be
serrated.

'
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Figure 2.3: Stress-velocity diagram for mobile dislocation in the presence of
impuritiesL4.
Within the solute drag regime, the drag force is said to be at a maximum when the
-

dislocation proceeds at:

-

-
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where D is the diffusion coefficient of the solute and h is the effective radius of the
atmosphere10.15 . Expressing this speed i
n terms of strain rate:

where p,

is the mobile dislocation density, b is the Burgers vector and A is a

proportionality term that depends on solute c~ncentration'~.
Another theory explaining the mechanism of DSA is that the dislocations are
pinned by solute atoms and new dislocations must be generated in order to maintain the
imposed strain ratel2. According to Zeghib and Klepaczko, this is now the accepted
explanation for the increased work hardening rate observed in the interstitial alloys17.
Section 2.5.2 deals m
e
r with this theory.
A more recent theory, recognizing that dislocation motion is jerky, States that it is

during the dislocation's waiting time at obstacles that the solute atoms migrate to the
dislocations and if thek mobility is sufficiently hi& or the waiting time long enough, the
solutes atoms can create dislocation atmospheres and in effect cause DSA 18-20. That is, a
dislocation will advance k e l y for a time (tf) until it encounters an obstacle (Le. a
precipitate or a dislocation forest), where it is temporarily arrested for a time (t,).

Thus,

the dislocation velocity c m be expressed as follows:
v

=

I
tf + t w

(2.3)

where I is the distance between obstacles. If the diffusivity of the solute atoms is high
enough, the solute atoms may lock onto the dislocation during the waiting thne and
increase the pinning strength18-21. If this occurs, a higher stress is required to move the
dislocation Line with solute atoms attached compared to when the dislocations have no
solute atoms attached to them. The result of the pinniTig and unpinning of the solute
atoms on the dislocations translates into serrations on the stress-strain curve.
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2.3 Appearance and Disappearance of the Serrations
Caused by DSA
The dependence on temperature of the appearance and disappearance of serrations
is often expressed in tenns of an Arrhenius-type equation:
0

.

E

=

-Q
Aexp RT

(2.4)

where E is the strain rate, A is a fiequency factor, Q is the activation energy, R is the rate
constant and T is the absolute temperature2? By constructing a plot of the strain rate vs
the inverse temperature, one can obtain the conditions (Le. temperature and strain rate)
associated with the appearance and disappearance of the serrations. An exarnple of such
a plot is presented in Figure 2.4, where the filled squares symbolize a completely

serrated stress-strain curve, the open squares indicate smo0th stress-strain curves and the

half 6iied squares relate to stress-strain curves with an intermediate degree of serrations.
At low temperatura, the solutes atoms are immobile with respect to the rnoving
dislocations and do not impede their motion. At the other extreme, at high temperatures,

the mobility of the solute atoms is such that they can follow the dislocations without any
drag or disruption. At intermediate temperatures (Le. the region where the squares are

fïlled in Figure 2.4), the solute atoms interact with the moving dislocations and innuence
the flow properties. This region is known as the DSA region or domain.

The slopes of the two lines bounding the region where serrations are observed in
Figure 2.4 are proportional to the activation energies associated with the appearance and
disappearance of serrations. The curve on the right denotes the appearance of serrations
while the cuve on the left represents the disappearance of serrations. In many cases, the
activation energy for the appearance of serrations has been reported to be similar to the
activation energy of the diffushg solute species6s"sL222P
. The activation energy for the
disappearance of serrations is hypothesized to be equal to the activation energy of the

diffusing solute plus the binding energy of the solute species to the dislocation core11,12.
As the solute atoms move with the dislocations, they have to jump to adjaceut sites to

keep up with the dislocations as weU as make their normal diffusion jumps. Various
methods of calculating the activation energies for the onset and tamination of serrations

are ouilined in a paper by de ~ l m e i d a ~ ' .

Figure 2.4: Temperature and strain rate range over which serrations are
~bserved~~.

2.4 Effect of Temperature and Strain Rate on the DSA
Domain
As the strain rate inmeases, so does the dislocation velocity and the time the

dislocation spends arrested at obstacles is shortened. The diffiisivity of the solute atoms

must therefore be greater in order to catch up with the faster moving dislocations and
sustain DSA. The diffusion coefficient increases exponentiaily with temperature and
thus, an increase in temperature will result in an increase in diffusivity of the solute
atoms. The effect of s t r a i u rate on the location of the DSA region is clearly illustrated in
the work of Karimi Taheri et al. on low carbon steel22. They observed that the DSA
region shifls to higher temperatures when the strain rate is increased fiom 1o - s-'
~ to 1O-'
s-' in t e n d e tests.

2.5 Other Manifestations of DSA
Serrated yielding is an extreme and visible manifestation of DSA. However, there
are also other mechanical properties that are affected by DSA. These include the flow
stress, o, the work hardening rate, 0, the HaLl-Petch constant, &, the strain rate
sensitivity, y, and the ductility. Figure 2.5 illustrates how these properties are influenced
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withi~
the DSA region3'. The diagram also illustrates the trend of the affected parameters

at temperatures below and above the DSA region. Within the DSA region, a peak or
plateau in strength at a aven strain can be observed as well as a peak in the work
hardening rate and most importantly, a negative strain rate sensitivity. Many studies have
shown that semated yielding only occurs over a confined nmow temperature and strain
rate region compared to the relatively wider conditions under which other evidence of
DSA has been identifiedl'.

Na s e r r a t i w DSA region 1
Tvaas of
)r

.

No senation

b

Figure 2.5: Schematic representatiom of different manifestations of DSA~'.

2.5.1

Peak or Plateau in Strength
The yield stress, a,,, can be considered as the strength of the initial obstacle

substructure of a material prior to work hardening and the flow stress,

of.,

is the yield

stress of the strain hardenèd material. Therefore, the strain hardening contribution, Ac,

can be considered as the change in strength that results Çom plastic defornation and is
calculated as follows:
ha = of-O,,

(2-5)
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The strain hardening contribution c m be subdivided into
contributions".

individual

That is, flow stress increases due to dislocation-dislocation interactions

(Aqd), dislocation-precipitate interactions (Acdp), and dislocation-solute interactions

(Ams) are observed If the s u m of a l l these contributions is calculated, the o v e r d work
hardening or strain hardening contribution is obtained:
A a = Asad + A m p + A m s

(2.6)

The Aod, component encompasses the DSA contribution and becomes significant in the
DSA region. .
A common method of demonstrating the effect of DSA on flow stress is to plot

the change in magnitude of work hardening with respect to the magnitude of work

hardening at room temperature as a function of temperature2:
AG' = AD - AG^

(2.7)

where AG^ is Ao at room temperature (the fiow stress, cf, is generally taken as the UTS or
the peak stress). Lou et al. have utilized this methoci, as shown in Figure 2.6, to establish
the DSA behavior on a construction grade steel (0.19% C , 1.2%

Figure 2.6: Increase with respect to the room temperature value of work
hardening, AG, in a construction grade steel2.
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Peak in the Work Hardening Rate
Keh et al. were the first investigators to study DSA dislocation structures through
the use of transmission r n i c r o s c ~ They
~ ~ ~showed
~.
that the increase in flow stress in the
serrated region was attributable to significantly higher dislocation densities.

This

enhanced rate of dislocation multiplication with strain within the DSA region is due to
the solute pinriing. Figure 2.7 illustrates the evolution of the average dislocation density
with strain of mild steel deformed in tension at two different temperatures. A significant

increase in the rate of dislocation generation in going fiom 25°C to 200°C is observed.

7 -

Figure 2.7: Evolution of dislocation density with strain and temperaturel1.

2.5.3

Negative Strain Rate Sensitivity
In a normal themally activated process, the response to a decrease in dislocation

velocity would be a decrease in the resistance to motion. In other words, the flow stress
decreases as the strain rate decreases. However, within the DSA region, the opposite
holds me. The resistance to motion is raised as the strain rate or dislocation velociSr
decreases. This is due to the longer time the dislocation spends arrested at obstacles
when moving at a lower average velocity, which results in more solute atoms diffbsing to

the dislocation. Consequently, the higher solute concentration around the dislocation
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produces a strengthening effect and thus, a higher saess is required to move the
dislocation. According to Bouchaud et al., the hardening or aging is proportional to the
213 power of the waiting t h e before reaching saturationz5.
The net consequaice of this 'antithermal' aging contribution phenornenon is a
negative SES occurrjng within the DSA region. Figure 2.8 depicts the flow s a a s versus
temperature curves of two materïals, a pure one that does not exhibit DSA (dashed line)
and the other that does (solid Line), at b o a a low and high strain rate. The former
continuously softem with increasing temperature, while the latter features a hump in the
curve. The negative strain rate sensitivity is fomd in the temperature range of region b.
When goïng from a low strain rate to a higher strain rate in this region, a flow stress
decrease is observed. This is due to the hump in the flow stress-temperature c u v e
observed in the presence of DSA. Conversely in region c, when going fkom a low strain
rate to a high strain rate, the material undergoes an unusually high increase in flow stress.
Again, this is attributable to the hump in the flow stress curve with increasing

temperature.
Normal
R.S.
Regiona

1

Normal
R.S.
Region d

Negative
R.S.
Regionb

UTS

0

High s

Low

E

Temperature
Figure 2.8: Stress versus temperature curves at a low and high strain rate of a
material with and without exhibiting DSA showing different rate
sensitivities (R.S.).
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The signincance of having a negative strain rate sensitivity is that deformation
can proceed at a lower stress with an increase in strain rate and this can lead to flow
localization (Le. unstable deformation) brought about by shear bands and ultimately can
r d t in catastrophic low-strain kacture.
Another interpretation given by Baird and Jamieson suggests that the negative

strain rate sensitivity results from the localized exhaution of sufficient solute atoms to
lock the dislocationsz6. The materid is weaker is these areas and therefore will tend to
defonn preferentially over the solute-rich areas.

Interaction Effects of Solutes and Precipitates on
DSA
There are two classes of alloying elernents that can be disthguished with respect
to DSA. In the e s t class, we encounter elements that contribute to DSA by diffising

quickly enough through the lattice to dislocations and locking onto them. The
effectiveness of an element in producing strain aging is a function of the following
characteristics:

-its solubility
-its diffusion coefficient
-the severity with which it l o c h dislocations (Le. its interaction energy).
The second class involves elements that alter the behavior of the first class and therefore
affect DSA indirectly. The second class affects the fist class by changing the latter's

mobility or fke concentration.
Examples of the second class include substitutional elements such as titanium,
zirconium and niobium in steel that have an &ty

for interstitial elements. These

elements interact with carbon and nitrogen to form carbides, niûides and/or carbonitndes.
The presence of these elements appears to shift the DSA region to higher temperaturesL2.

Another possible interaction of substitutional solute atoms (Le. Mn, Mo, Cr) is the stressinduced o r d e ~ gof substitutiond-interstitial pairs or complexes, which effectively
lowers the mobility of carbon and nitrogedO.
The interaction effect of solutes, namely hydrogen, in commercial-purity titanium

a

on the variables affected by DSA is evident in the work of Senkov et a1.16.

Their work

0

demonstrated that hydrogen not only influenced the position of the work hardening peaks
with respect to temperature but also their heights. In addition, the strain rate sensitivity

increased with the addition of hydrogen. Therefore, the magnitude of DSA attributable to
elements such as carbon, oxygen and iron was decreased with the addition of hydrogen.
The explmation provided for this behavior was that hydrogen in solution hindered other
solute atoms fkom 'latching on' to mobile dislocations because hydrogen dislocation
atmospheres had already formed (due to its higher rnobility). Furthermore, hydrogen was
found to decrease the diffusivity of the other solute elements.
Another study conducted by Kïshore et al. using a modified 9Cr-1Mo steel
demonstrated that the size and distribution of precipitates c m also affect the extent of
D S A ~ ~They
. xompared their steel under two microstmcturd conditions. The steel was

heat treated under similar conditions (normalized at 1000°C) except that one batch of
specimens was subjected to a tempering temperature of 550°C while the other was held at
710°C. They found that the 550°C specimens were much less sensitive to DSA and this

was attributed to the presence of b e r second phase particles (0.04 p in diameter and

0

allegedly CrzC) compared to the corner carbide particles (0.1 pm diameter) in the 7 10°C
specimens. It was proposed that the finer precipitates acted as more effective carbon
sinks than the coarser particles and, therefore, depleted the solute atmospheres much
more rapidly. As plastic deformation proceeds, the solute atoms are depleted fiom the
arrested dislocations and diffuse, via pipe diffusion, to the precipitate sinks.
Consequently, the severity of DSA was considerably reduced in the 550°C specimens.

2.7 Controlling DSA
It appears that the most effective way of minimi7jng the DSA caused by
interstitial solutes in steel is through the addition of microalloying elements such that
carbides, nitrides and carbonitrides are fomedz8. The idea is to 'trap' the interstitials in
the form of carbides, nitrides and carbonitrides so that the concentration of carbon and
nitrogen in solution is greatly reduced; this therefore reduces the sensitivity to DSA.
Boron additions have proven to be useful in decreasing the deleterious effects of DSA in
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low carbon steels subjected to cold deformation during production29. The effects of
,-.

several other alloying elements on sixain aging can bereviewed in a paper by 13aird3'.
--'

2.8 Implications of DSA
The effect of DSA on mmufacturing processes has been reported in many
papers622281

. Examples include the reduced drawability r e s d ~ gfkom the unstable

1

deformation due to negative strain rate sensitivity and the cracking due to lower ductility.
The domain where DSA exists must be considered when selecting operating conditions
(i-e.temperature, strain rate). Parameters such as composition and microstructure should

also be considered because the existence of DSA is strongly dependent on if and how the
solute species are present in the material. The processing conditions under which DSA
c m occur are therefore not the only consideration. Prior t r a m e n t c m affect whether

DSA will occur at all. For example, in drawing, the cooling rate after hot rolling will
affect the amount of the solute species in solution and therefore the susceptibility to DSA.
If the amount of solute species in solution is carefully controlled during the c o o h g stage,

0

the extent of DSA may be grealy reduced.

Any pre-treatment which inmeases the

amount of solute species in solution will increase the susceptibility to DSA and vice
versa.

The addition of alloying elements to a material can also af'fect the DSA behavior.
As higblighted in section 2.6, the addition of nitride, carbide and carbonitride formers to
steel will generally reduce the sensitivity to DSA caused by the presence of carbon and
nitrogen.

DSA c m also be a positive phenornenon if its domain is weIl known. For
example, it c m be used as a thennomechanical treatment to increase the room
temperature strength12. It can also serve as a strengthener at elevated temperatures
because of the associated increased strength, higher work hardening rate as well as better
resistance to creep and fatigue.

2.9 Modelling DSA

a

The importance of reliably detecting and predicting DSA bsyond the range where
it is visible as a result of serrated yielding must be emphasized. It is through modelling

=fi/*

a

that it may be predicted, controlled and accounted for before establishg fomiing or
processing operating parameters that may be greatly affected by DSA.

Kubin and Estrin have modelled the critical strains associateci with the PLC effect
in terms of strain dependence and the densities of both the mobile and forest
dislocationsgu3. They have also addressed and tried to account for the occasional
observation of two PLC regimes within the same defornation curve. Figure 2.9 shows
the saain dependence of the mobile and forest dislocation densities obtained for a specific
set of parameters outlined in the paper's appendix. Based on these two dislocation

density evolutions, they were able to predict DSA domains and explain the experirnentd
obsenration of two PLC regimes within the same stress-strain curve, such as
demonstrated in the work of Schwink and ~ o r t m a n n ~ ~ .
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Figure 2.9: Strain dependence of (a) the mobile dislocation density p, and @) the
forest dislocation density pf ".

2.10 DSA Caused by Substitutional Elements
The elements responsible for DSA

c m be either interstitial, substitutional or

complexes of the two. This section deals with the latter two. The temperature at which
the DSA caused by substitutional elements appears m u t be significantly higher than that
for the DSA brought about by interstitial elements. This is due to the considerably lower
d i e i v i t i e s of the substitutional elements. Thus, in order for substitutional atoms to gain
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enough mobility, the temperature must be raised such that the diaisivity approaches the
dislocation velocity.
Much of the work on DSA has focused on the effect of interstitial elements in
steel (or BCC alloys).

Some work has been conducted on the DSA caused by

substitutional elements, although most of it has concentrated on FCC materials such as
a l t m b m or the HCP zinc alloys. There appears to be little research on the DSA caused

by substitutional elements in steel, specificdy at hi@ temperatures (> 900°C).

2.10.1

Types of DSA Serrations

Serrations have been classined into five classes according to their appearanceL.

Figure 2.10 depicts the patterns of the different types of serrations. These classifications
have been made based on FCC materials containing substitutional solutes.

Type A

consists of periodic locking serrations with a sharp increase in flow stress foliowed by a
drop below the gaieral level of the curve. Type A serrations arise fkom the propagation

a

of Lüders bands fkom one end of the gauge to the other. Type B serrations appear when
there is an irregular movement of the Lüders band fiont and manifest themselves by s m d
oscillations about the general level of the flow curve. Type C semations occur when
many Liiders bands form at various locations on the gauge and lead to abrupt drops below
the stress level, h o w n as unlocking serrations. Type D serrations are manifested by
plateau on the curve with no evidence of work hardening. Type E serrations are harder
to recognize as they are less sîructured and often appear after type A serrations and at

higher strains. Types C and D generally occur at higher temperatures, while types A, B
and E present thanselves at lower temperatures and high strain rates3'. It should be noted
that more than one type of semation can appear simultmeously. For example, in the inset
of Figure 2.10, type A and type B semations as weU as type B and type D are a l l
occurring concurrently.
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Figure 2.10: Types or classes of serrations commonly observed in the
defornation of substitutional solid solution alloysl.

2.10.2

Homogeneous Strain

A critical strain that precedes the T-st appearance of serrations has been recorded

in certain alloys; it h a been shown to Vary with solute concentration, strain rate and
temperatureLOJ8J6J7

.

The dependences on the latter two are illustrated in Figure 2.11.

An explanation for the delay in the appearance of the first serrations offered by CottreLl
was that an enhmced diffusion coefficient is obtained in the presence of ~ a c a n c i e s ~He
~.
postulated that serrated flow could occur at a much lower temperature than that predicted

using the lattice diffusion coefficients of the solute atom responsible for DSA.

For

example, it was shown that the activation energy for the appearance and growth of
serrations was about half the activation energy for the bulk diffusion of nickel and sficon
in iron, the substitutional elements believed to be responsible for DSA'.

Comell

rationalized that the diffusion coefficient is enhanced by the vacancies introduced during
deformation according to the relation:
D = k, C,exp(-QlkT)

(2.8)

where C, is the concentration of vacancies, which varies with strain according to the
following relationship:
C, = B s m

(2.9)

log

e

Figure 2.11: Effect of strain rate and temperature on critical sa ai^^^^.
The bulk diffusion of substitutional solute atoms is enhanced by the creation of
vacancies during deformation. That is, a material must be initidy strained to a point
such that the diffusion coefficient is sufficiently accekrated by the presence of vacancies
to induce DSA. The mobile dislocation density also changes as a function of srnain
according to the following equation:
-

(2.1 O)
are constants. Thus, equation 2.4 c m now be rnodined to account for the
-

P m

where x and B

X

EB

critical s t r a i n and evolution of the mobile dislocation density :
0

E

where k is a constant,

=

~

E

( m
, +~

-Q
exp RT

is the critical strain, and m and /3 are dso constants defined by

equations 2.9 and 2.10, respectively.
Equation 2.11 has been shown to be in good agreement with the work of
Winstone et al. (as cited in ref. 28), who studied the mechanical properties of an Fe- 1.1
at% Nb alloy over a wide temperature range. Typically, m + B varies between 0.5 and 1
for interstitial elements and 2 and 3 for substitutional elements3*.
However, this interpretation, even with modifications to account for other effects

(i.e. grain size, thermal effects, etc.), does not explain aU the experimental resultç
satisfactorily10,39,40 . In fact, there exists work that contradicts this theory. Experiments
involving straining an alloy, subsequently aging it so as to d o w for complete or partial
anneahg and then restraining, showed that the critical strain was not af'fected by the
intermediate annealhg stage41A2.According to the theory proposed by Baird, the critical
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strah should have increased considering that the vacancies were removed by the
annealing stage and, therefore, a higher strain would be required to produce serrateci

yielding.
An alternative explanation offered by Cuddy and Leslie was that, rather than the

vacancies enhancing diffusion, the DSA observed at Iowa temperatures was due to solute
pipe diffusion dong dislocations; the latter raised the d i f i i v i t y and aliowed for the
redistribution of solute atoms at much lower temperaturesg.

Thus, the diffusion

mechanism proposed was core or pipe diffusion rather than lattice diffusion. It explained
why senations appeared at much lower temperatures than those predicted by using the
substitutional lattice diffusivities. They found that the activation energy of pinriing was
roughly half that of lattice solute diffusion
Thus, there is no general agreement about the diffirsion mechanism involved in
substitutional DSA. However, experiments have demonstrated in certain cases that the
activation energy associated with DSA is sigmficantly lower îhan that of volume or bulk
diffusion. The elements responsible for DSA have also been disputed. Some workers

a

have argued îhat it is interstitial-substitutional complexes that f o m and lock the
dislocations causing DSA rather than the interstitial or substitutional elements
t h e r n s e l v e ~ ~The
~ ~appearance
.
of serrations in some cases is probably due to complexes
or clusters, with a combination of interstitial and substitutional elements forming
atmospheres around the moving dislocations rather than individual fiee substitutional
elements. In other instances, it can be solely due to interstitial or substitutional elements,
as proved by many investigators.

2.11 Summary
Dynamic strain aging involves strain aging d&g

deformation and results fiom

the interaction of moving dislocations and solute atoms. DSA arises fiom the repeated
pinning and unpinning of mobile dislocations by solute atoms. It develops when the
mobiLity of solute atoms is sufncient to keep up with moving dislocations and impede

dislocation motion.

a

The elements responsible for DSA may be interstitial or

substitutional depending on the temperature and imposed deformation rate. In some
cases, it has been suggested that complexes are responsible for DSA. The most obvious
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manifestation of DSA is serrated yielding on a stress-strain curve. Other properties can
also be affected by DSA and these include the flow stress, the work hardening rate, and
more importmtly, the strain rate sensitivïty.
This chapter has highlighted the results and fïndings regarding dynamic strain
aging of several investigators.

However, there are areas that still remain vague,

speculative or simply unknown. For example, little research has been carried out on the
DSA caused by substitutional elements in steel. Some of this work is described in the

chapters that follow.

CHAPTER
III
EXPERIMENTAL
DETAILS

The experimental technique employed was torsion testing as it allowed for testhg

0

over a wide range of strain rates and the attainment of large strains. It was also chosen
because it provided a starhg block of the temperature and strain rate conditions under
which serrated yielduig had previously been observed in torsion and over which the DSA
domain could hopefully be mapped.

3.1 Materials
The materials tested were acquired as tramfer bars supplied by Surnitorno Metal
Indusaies in Japan in the f o m of plates approximately 20 cm x 20 cm x 2 cm. The f i s t
material, steel A, consisted of a high carbon &-Cr

steel.

The second and more

important materiai, steel B, was a medium carbon steel containhg various alloying
elements in significant quantities. The chemical compositions of the two steels are listed

in Table 3.1.
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The material utilized to verify the background "noise" level produced by the
torsion machine was electrolytic iron and its chemical composition is also shown in

Table 3.1. The electrolytic iron bars (7.5 cm x 7.5 cm x 15 cm) were provided by

CANMET in Ottawa. Although the chemical analysis of the "pure" iron revealed it to
contain some impurities, it served the purpose of demonstrating the difference between
fairly pure material vs. the steels tested. In addition, other materials, whose chemical
compositions are listed in Table 3.1, were tested to evaluate the IeveI of scatter on the
stress-strain curve as a fimction of the level of alloying or irnpurity elements.
Torsion specimens were prepared from the steel plates and iron bars with the
geometry shown in Figure 3.1. Samples were taken such that the Longitudinal axis
corresponded to the rolling direction of the plate.

Figure 3.1: Geometry of the torsion specimens (in mm).

3.2 Instrumentation
Torsion tests were performed on a servo-hydraulic cornputer-controlled Materials
Testing System (MTS) torsion machine. The torsion machine rests on a lathe bed, as
s h o w in Figure 3.2. The hydraulic power is supplied by an MTS 501 series Hydraulic
Power Supply. The power is fed through a servovalve and transmitted to the rotating
hydraulic actuator. The specimen is screwed into the stationary gtip while the other end
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Experimental Details

is fitted into the dot of the rotating grip that provides the couple to the specimen. A 2

mm gap was le& between the specimen and the rotating grip to allow for thermal
expansion. The angular displacement was measured by either a 10-turn or a 50-turn
potentiometer.
recoe&ed

Tests were initially performed on the latter and it was only later

that the 10-turn potentiometer could be utilized for smaller strains. The 10-

turn potentiometer allows for more accurate control of the twist. The torque ce11 on the
nght recorded the torque. Two types of torque cells were utilized: a 112.98 N-rn (1000
in-lbf) ce11 and an 11.30 N-m (100 in-lbf) cell. The lower torque cell was ernployed when
the material was believed to be soft enough so as not to exceed the maximum allowable
torque (Le. when the testing conditions corresponded to high temperatures and/or low
strain rates).
Potentiometer
(50 turns)

Radiant
Furnace

I

ServovaIve
Hydraulic
motor

Rotating
Grip
I

Specimen
I

Stationary
Grip

Toque
Cel l

I

I

Figure 3.2: Schernatic diagram of the torsion machine.

3.3 Furnace and Temperature Control
The sample is enclosed in a radiant fumace heated by four tungsten filament
lamps manufactured by Research Inc. The temperature is controlled through a feedback
control circuit consisting of a Leeds & Northnip Electromax V Controllet while
temperature programrning is carried out using a 1300 Leeds & Northmp Process

Programmer. The temperature is detected by an Omega 1.5 mm (1/16") Type K enclosed
therrnocouple in contact with the gage length of the specimen at about 7 mm fiom its
shoulder.

The sample was contained in a quartz tube with hi&

purity argon flowing

3.4 Data Acquisition and Data Processing
The ~ e s t ~ a r program
e - ~ ~operaf
~ ~ es uuder Operating ~ ~ s t e m (/02~ ~1 2~7
using a 486 generation PC. The ~eststar- software allows for the programming of the
defoxmation schedule (Le. strain, strain rate, tixne). The test ternplates and procedures c m
be saved and stored in the TestWare-SX program. The program dso allows for the
prescription of a data acquisition rate up to a maximum of 1000 data poids. The twisttemperature-torque data could be viewed on the Teststar workstation while the complete

twist-time-temperature-torquedata were acquired by the microcornputer comected to the
digital control feature of the Teststar.

The output data file fiom the Teststar software was converted to spreadsheet
format for further processing and graphical representation. There were two software
packages utilized to interpret the data: EXCEL and ORIGINAL. The latter is a much
more powerhil software, which allows for data manipulation beyond the capabilities of
EXCEL.
The measured angular rotation or twist, 8, of the specimen was manipulated to
express the deformation in tems of the equivalent von Mises strain,
following equations:

E,

using the
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where y is the shear strain, and D and L are the diameter and length of the specimen
gauge, respectively. In a similar manner, the twist rate could be converted into the
0

equivalent strain rate, s :

The torque, T, was converted into the equivalent stress, o,using the equation of Fields
and ~ a c k o f e :n ~ ~

where T is the torque, rn is the macroscopic strain rate sensitivity and n is the
macroscopic strain hardening coefficient For simplicity, the variables m and n were set
constant at 0.17 and 0.13, respectively. Although m is approximately constant during a
given hi& temperature test, n is fist positive, then negative, and h a l l y zero when
dynamic recrystallization takes place. Here, the negative and zero values of n were
overlooked.

Temperature Selection
The diffusivity of substitutional elements is simiificantly slower than that of

interstitial elements. Much higher temperatures are therefore required in order to develop
the type of DSA caused by substitutional elements compared to when DSA is generated
by the diffusion of interstitial elements. Thus, testing temperatures were selected over the

range where the diffusivity of substitutional elements becomes appreciable (i.e. > 900°C).

By recogniMg that the DSA caused by the interstitial elements, carbon and nitrogen,
occurs between the temperatures of 150 and 300°C, depending on the strain rate, and
knowing their diffusivities within this temperature range, an equivalent temperature range

can be found for the substitutional elements. This is illustrated in Figure 3.3, which
allows for the direct cornparison of the diffusion coefficients of carbon and nitrogen to
those of the substitutional elements. By assiiming that the diffusion coefficients for the
substitutional elements should equal those of carbon and nitrogen for DSA to occur, the
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temperature range is found to be 900 to L350°C,depending on the substitutionai element
of interest.
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Figure 3.3: Diffusion coefficients of interstitial and substitutional elements in
iron".

Test Techniques
There were several types of tests performed in attempting to extract evîdence of
DSA caused by substitutional elements in the austenite phase. AU tests were conFigured
such that they could be perîomed in torsion since all the specimens were already
machined for this testing mode. The fkst set of tests examined the stress scatter level on
the stress-strain curves of various alloys. Single pass torsion tests carried out at a
constant strain rate constituted the second class of tests. The following experiments were
formulated because initial results were inconclusive, as discussed in Chapter N.
Subsequent tests were conceived based on speculative initial results or devised from
previously established methods used to reveal evidence of DSA33,15. The rationale and
justification of the experiments are briefly covered in the experimental techniques below
but they are detailed in more depth in Chapter IV.
The third group of tests entailed changing the strain rate during defomation. The
fourth set of experiments varied the temperature during deformation in order to determine

0

the conditions of instability where DSA occurs. The next approach was mo-g

the

stress at a constant rate and observing the effects on the strain rate. The h a 1 class of
tests consisted of again going through strain rate changes during the defomation, only
this t h e , the strain rate changes were much smailer. The testing techniques and
parameters of each test are elaborated in the following sections.

Single Pass Torsion Tests
Single pass deformation is the simplest of a l l the tests and entails deforming at a
constant strain rate to a specified strain. Steel A, steel B and the iron undenvent this type
of test. Steel A was tested with the intent of getting familiar with the torsion machine and
to observe evidence of DSA. The temperatures investigated ranged from 900 to 1100°C,
in 50°C increments, at the following strain rates: 1 0 ' ~L~O - 1,
~ ,5 se'. In the case of the

iron, the purpose was to evaluate the background "noise" level of the machine. The
temperatures explored ranged fkom 900 to 1 150°C using strain rates of 1

and 1 s-'.

Steel B was the material of greater importance as it contained more alloying

0

elements and exhibited more distinct senations in previous tests.

The conditions
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examined for steel B are summarized in Figure 3.4. The temperatures ranged f?om 900
to 1200°C and the strain rate began at 105 s-' and extended to K I , with jumps of one

order of magnitude.

Temperature ( OC)

1-11

1-05

1-00

0-95 0.91

0.87

0.83

l/Temperature (x l W 3 OC-')
Figure 3.4: Test conditions examined for steel B for single p a s defonnation.
The thermal and defornation cycle for each individual test is illustrated in Figure
3.5. Each sample underwent the same pre-defornation themal cycle: heat to 1200°C at a
rate of lS°C/s,soak for 15 minutes and then cool to the deformation test temperature at a
rate of 1°C/s.

I

12OO0C,15 muiutes

Time
Figure 3.5: Schematic diagram of the thermal cycle employed
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In order to aisure that the tests were paformed in the austenite phase, the
following equation, based on chernical composition and plate thickness, was utilized to
calcdate the Ar3tem~erature~~:

Ar3=910-310C-80Mn-20Cu-I5Cr-80Mo+0.35(t-8)

(3-6)

where t is the plate thickness in mm. According to the above equation and given a plate
thickness of 23 mm, the Ad temperature for steel A is 780°C and, therefore, testing at
temperatures of 900°C and above ensured that the steel was in the austenite phase. In the
case of Steel £3, the Ar3 temperature was found to be 630°C, again assuring that at
temperatures of 900°C and above, the material was in the austenite phase.

In the case of steels C to F and the iron, they were only tested at one temperature,
1050°C, and one strain rate, 10" s-'.

The purpose of these tests was to compare the

scatter level on the stress-strain curves as well as the variation of the strain rate of various
steels containing different degrees of alloying elements.

3.6.2

Strain Rate Change Tests
Strain rate change tests involve changing the strain rate during deformation and

observing the material's response. In a nomal thermally activated process, the response
to a decrease in the deformation rate would be a decrease in the flow stress. However,
within the DSA region associated with the presence of interstitial elements, the opposite

is observed. Thus, if negative values of strain rate sensitivity are observed, these provide

a good indication that DSA is occunkg. The purpose of these tests was therefore to
determine if steel B exhibits negative strain rate sensitivity under the conditions of the
test.
The thenmal cycle was the same as that shown in Figure 3.4. The temperatures
investigated ranged from 950 to 1200°C, increasing by 50°C increments. The strain rate
change test involved straining to a strain of about one and then increasing the strain rate
by one order of magnitude. After an additional applied strain of about one, the strain rate

was decreased back to its original value. Thus, both positive and negative strain rate

changes were perfomed on the same specimen. An example of a deformation cycle is
shown in Figure 3.6.
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E

Figure 3.6: Example of the deformation cycle employed for a strain rate change
test.

3.6.3

Decreasing Temperature Tests
The tem~zzatureand strain rate domain where the PLC effect, created by

substitutional elements, should be observed is unknown for steel in the austenite phase.

0

One method shown to approximate the domain was presented in section 3.5. However,
another approach involves applying the model f o d a t e d by Cahn to estimate the
temperatures and seain rates where the instability caused by DSA occurç4'. It specifies
the dependence of the driving force on the grain boundary velocity. Cahn's theory is
similar to that proposed by Blanc and Stmdel rnentioned in section 2.2, although his
model was constructed to account for impuriîy drag on grain boundary motion as
opposed to dislocation motion in the presence of solute atmospheres. Cahn States that,
with increasing impurity concentration or decreasing temperature, the grain boundary

may undergo a transition due to a change in the interaction with its impurity aîmosphere.
At this transition, the boundary may experience jerky boundary motion due to the
existence of a range of conditions where two different boundary velocities are possible.

His model was adapted to the case of dislocation motion to mode1 the dislocation velocity
as a function of temperature, composition and driving force.

For brevity, only the

resulting curves of the model are illustrated (see Figure 3.7) in this section. To review

the equations and constants used for the model, the reader is directed to section 4.5 for
M e r explanation and comprehension.
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From Figure 3.7, it can be seen that the dislocation velocity and correspondhgly,
the strain rate, spans a range of several orders of magnitude for temperatures between 900

and 1200°C. Therefore, in order to locate the area of instability, a good approach would
be to apply a given strain rate and continuously change the temperature in hopes of
crossing an instability boundary and then repeating the process at another specified strain
rate. This method or procedure is quick and minimizes the number of samples needed to
find the temperature and strain rate combination that induces the instability.

Figure 3.7: Force versus dislocation velocity profile calculated using the mode1
formulated by Cahn at different temperatmes,

The material selected for this set of tests was steel C because it was one of the
materials which exhibited the most stress scatter (see section 4.1) and there was an
abundant number of samples available. The strain rates explored were 1o-~,1(Y3, and 1o4
S . Each specimen was strained to the steady state stress at a constant temperature before
the cooling process commenced.
individual experiment.

Table 3.2 provides the p d c u l a r details of each
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Table 3.2 :Experimental details of the decreasing temperature tests.

Strain
Rate
(s-')

Steady
State
Strain

Final
S,.n

IO-'

0.6

3.7

1O"

0.6

lo4

0.33

3.6.3

Starting Finishing
Temp.
Temp.
cc)

cc)

Data
Acquisition
Rate (s-')

Cooling Procedure

1200

1050

100

O S°C/s

3.8

1250

1050

4

2.5

1200

950

0.5

O.67OC/s
0.012"Cls

Constant Stress Rate Tests
There have been several techniques utilized to examine the conditions for the

occurrence of DSA in soiid solutions. The most common methods involve constant strain
rate tests described in the sections above. There have also been studies that use a
constant stress rate to investigate and determine the conditions for the onset of plastic
instability as a result of DSA''~.

This entails increasing the stress at a constant rate and

observing the effect on the strain rate. The principle is the reverse of constant strain rate

0

tests in that the stress rate is now held constant and the strain becomes the variable. The
idea is that, as the stress increases, the strain rate must increase in order to maintain the
applied stress rate. However, if DSA is occurrhg, the stress can continue to increase
without an increase in the strain rate. Again, this principle is elaborated in the Results
and Discussion chapter of this thesis. It was believed that this fonn of testing might draw
out evidence of DSA. Steel C and iron were tested at a temperature of 950°C. The
constant stress rate chosen was 0.5 MPa/s, equivalent to a torque of 5.42N-mm.

3.6.5

Low Ratio Strain Rate Change Tests
Another test that was developed to try to extract evidence of DSA was a modified

strain rate change test, only this time, the strain rate ratio was kept much smaller. From
the scatterhoise level tests, as described in section 3.6, it was deduced that a smaller
strain rate change may be more appropriate for the rasons explained in section 4.6.
Steel C was tested at 950°C with the same thermal cycle shown in Figure 3.4.

0

There were several strain rate jumps perfomed in one experiment with varying holding
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times at each strain rate, and therefore, the use of the specimai was maximized. Figure

3.8 illustrates one of the strain rate cycles to which a sample was subjected

5(
jWY
5 repeats

s rreats

5 repeats

Tie
Figure 3.8: Strain rate cycle applied to a sample.

5 repeats

5 repeats 5 repeats

RESULTSAND DISCUSSION

a

The first results presented are those of the 'noise' tests (section 4.1). That is, five
steels, as well as 'pure' iron, were examined to evaluate the level of 'jerky flow' on the
stress-strain curves so as to establish a link with their chemical compositions. The stressstrain curves that foiiow (section 4.2) are those of the simple torsion tests. Because some
unexplainable results were obtained, strain rate change tests were then perfomed so that
the latter results could be interpreted more accurately. The stress-strain c w e s obtained
in this way are displayed and discussed in section 4.3. The sections that follow are

comprised of the results fkom M e r attempts made at extracting evidence of DSA: for
this purpose, a constant stress rate test (section 4.4), a varying temperature test (section
4.9, and a modified s t r a i n rate change test (section 4.6) were used.

4.1 Stress Scatter Level Results
The pwpose of the stress scatter level tests was bst, to establish the noise level of
the torsion machine and second, to compare the average scatter level on various grades of
steel. For the latter, steels containing different combinations of alloying elements were

Q

tested, all under the same conditions: at a temperature of 1050°C and a strain rate of 105
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s-'. In addition, a test was run with no sample in the machine in order to obtain a base
c u v e and to compare it to the other results. Figure 4.1 shows the 'nomalized' stress
(Le. instantaneous stress over the mean stress) versus time curves of ail the materials
tested, including the no-sample test, in increasing order of stress scatter level.

The

normalized stress was plotted so as to allow for direct cornparison between the different
grades of steel. The twist rates, as well as the twist angles in radians, are also presented

in Figure 4.1. The twist rate was obtained by taking the derivative of the angle versus
time curve. Note that the data were plotted such that the starting angle, 6.1 radians, was
the same in all the figures. This was done deliberately in order to provide and maintain
consistency.
Aside fkom the no-sample curve, the 'pure' iron possesses the smoothest stresstime curve, despite substantial fluctuations in the twist rate and, accordingly, the strain
rate. The steels exhibit considerably more scatter on the normalized stress-thne cunres
than the iron. In order to interpret these resUlts with respect to their relative chemistries,

Table 4.1 was drawn up to provide the pertinent chemical compositions of the
experimental materials in ascending order of stress scatter level on the stress-time c m .

In addition to the relative amounts of alloying elements, features that affect the solubility,
such as the atomic size factor and q s t a l structure, are also important in detennining the
effectiveness of an elernent in producing DSA. As stated in section 2.6, the solubility,
diffusion coefficient and interaction energy between the solute atom and dislocation are
the characteristics that determine the extent of DSA.

Table 4.1: Chernical compositions of the experimental materials in wt%, given in
ascending order of stress scatter.
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Figure 4.1: Nomalized stress, twist rate and angle versus tirne c u v e obt
~ for
~ (a) no sample, (b) 'pure' iron,
10SO°C and a strain rate of 1 0 s-L
(c) steel D, (d) steel E, (e) steel By (f) steel F and (g) steel C.
Deciphering the normalized stress curves is difficult when only the chemical
compositions are to be considered. This is because the Uicrease in scatter is not a direct
function of the amount of any one element. Unfortunately, it was not possible to isolate
the effect of any single element because the chemical compositions of the steels varïed so
much. As the content of one element went down, that of another increased. Direct
cornparison of the steels was therefore difficuIt.

However, information about the

relationship between each substitutional element and the steel is very helpfui.

For

example, the interaction energy beiween a solute atom and a dislocation indicates how
strongly the atom is attracted to the dislocation. A high interaction energy implies that
the atom has a strong affinity for the dislocation and, hence, will have a higher p&g
effect than an element with a lower interaction energy. Although the interaction energies
between solute atoms and dislocations are not h o w n in detail, approximate values of the
binding energy between a solute atom and a grain bomdary in y-Fe of certain elements
are given in Table 4.2. These values are assumed here to be comparable to the binding
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energy between an atom and a dislocation. Phosphorus has the strongest attraction to a

grain bomdary after sulphur. Their values are weLl above the others at -55 and -88

Table 4.2 :Binding energies between solutes and grain boundiiries in y ~ e ' ~ .
EIement

Binding Energy
(kJfmole)

The final property of importance in solute-dislocation interactions is the

diffusivity of the solute element in y-Fe. From Figure 3.3, the substitutional element
with the highest diffusion coefficient is sulphur, followed by silicon and phosphorus.

These elements display significantly higher diffusivities, at least half an order of
magnitude higher, than other elefzlents such as niobium, molybdenum, and manganese.
Therefore, the elements that are expected to have the strongest effect on dislocation
movement, based on their diffusivities and binding energies, are sulphur, phosphorus and,
to a lesser degree, silicon,
Going back to Table 4.1 and focusing on the concentrations of these three
elements, there does appear to be a tendency for the scatter level to increase with
increasing amounts of these elements. As the general concentration level of these three

elements increases, the magnitude of the oscillations on the normalized stress curves

inmeases, with the exception of steel F. Steel F produces one of the 'noisiest' stress
cuves, despite containing only 0.03 % silicon and 0.006% each of sulphur and

phosphorus. A possible explanation for this anomaly is that it contains the highest level
of niobium (0.03%). The niobium may therefore be responsible for the pinning and
unpinning of dislocations (despite the relatively low grain boundary binding energy) and
impede dislocation motion in this way. The 'noisiest' material, steel C, contains at least
twice as much phosphorus as any of the other steels and notable leveis of silicon and
sulphur.

Chapter IV

Results and Discussion

46

For all the materids, the normalized stress and twist rate oscillate to an increasing
degree together, although the extent is not so pronounced in the twist rate. The fact that
the twist rate displays jerky flow could s i g n e a continuous 're-adjustment' of the strain
rate as a result of the pinning and unpinning of dislocations, causing the stress variations.
This hypothesis can also be reversed in that it is the 'natural' fluctuations in strain rate
that are causing the oscillations on the stress-time curves. One point supporting the latter
a r p e n t is that even when there was no sarnple in the machine (see Figure 4. la), quite
signincant fluctuations in twist rate were still observed.

Nevertheless, no clear

conclusion can be drawn regarding the parameter that is producing the fluctuations and,
therefore, affecthg the other parameters.
The exact effect of each element on dislocation movement is unknown at this
point. It appears that the influence of phosphorus and sdphur (and perhaps silicon) is
greater than that of the other substitutional elements since they possess higher

diffusivities and reasonably strong binding energies. This assessment is supported by the
increase in scatter Ievel when the amounts of these elements are increased. A more

a

detailed study, using steels with less complex chernistries, would be required to lead to

firm conclusions.
It should be noted that the stress oscillations could also be produced by solute-

grain boundav interactions. The intaaction between solutes and dislocations is similar
to that with grain boundanes. Solutes are also attracted to grain boundaries so that they
can reduce the strain field in the lattice; consequently, they impose a drag force on the
boundary when it attempts to move. Hence, the statements made above with regard to the
elements responsible for the stress variations could also be applied to solute-grain
boundary interactions.

4.2 Simple Torsion Results
4.2.1

Simple Torsion Results for Steel A
The flow curves for steel A detennined over the temperature range 900 to 1100°C

0

and at strain rates beginning at '
0
1

s" and ending at 5 3' are presented in Figures 4.2 to
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4.5. In the case of the higher strain rates, 5 and 1 s", the material exhibits continuous
softening as the ternperature is increased However, at a strain rate of 1od2s-l, the flow
cuve at 1050°C f d s below that of the flow curve at 1100°C. Similady, for the tests

performed at a strain rate of 1o4 s-', the material appears to be softer at 1000°C than at

1050 and 1 100°C. These findings will be discussed later in thk section.

4.2.1.1

General Appearance of the Stress-Strain Curves

The amplitude of the serrations increases as the strain rate is decreased. This is
commonly observed when the strain rate is lowered. It should be noted that certain flow

curves, such as the 900 and llOO°C curves at 10" s - ~and the llOO°C curve at 104 s-',
appear darker or more condenseci because a higher data acquisition rate was employed

during these experiments.

As for the general apgearance of the semations at each

specified strain rate, they are similar over the temperature range studied, with the
exception of the 900 and 950°C curves at a strain rate of 1 s-'. These exceptions display a

unique type of serration that is quite distinct and interxnittent in the case of the 900°C
flow curve. This phenornenon has also been observed in the work of Balic and Lukac,
who studied PLC instabilities in an a l h u m d o y ( A l - 3 ~ ~ ) "They
.
reported that their
stress-strain c w e s exhibited flow regime transitions fiom serrated to smooth and back to
serrated, as reproduced in Figure 4.6.
Schwink and Nortmann have also studied the characteristics of DSA in binary

FCC copper alloys34.50.5 1. They have constructed defornation mechanism maps of stable

and unstable deformation over different temperature intervals. These maps, shown in

Figure 4.7, display the reduced critical flow stresses (ci - a,) for the omet and
termination of unstable flow as a function of temperature and alioy concentration. The
reduced critical stress is simply the critical stress for the onset or termination of
serrations, ci, less the field stress, o,. The maps also delineate isolated boundaries of
stable flow and establish the existence of three PLC domains involving three different
DSA processes. Schwink and Nortmann believe that the three PLC domains result fiom

the operation of different diffusion processes (Le. diffusion via vacancies, diffusion via
interstitials, etc.). It is therefore possible to have stress-strain cuves with two regions of

Results and Discussion
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unstable flow at one temperature, as was the case for steel A tested at 900°C and a strain
rate of 1 se'.

O

1
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2

4

5

6

Strain

Figure 4.2: Stress-strain a m e s detennined over the temperature range 900
1050°C at a strain rate of 5 s-'.

3

2

Strain

Figure 4.3: Stress-strain c w e s detennined over the temperature range 900 to
1050°C at a strain rate of 1 s-'.
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Figure 4.4: Stress-strain curves determined over the temperature range 900 to
llOO°Cat astrainrateof 10-2 s- 1.
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Figure 4.5: Stress-strain curves determined over the temperature range 900 to
1 100°C at a strain rate of 10-4 s- 1.
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ZOO

Figure 4.6: True stress-strain cuve of Al-3Mg alloy tested at a strain rate of 3.3 x
1 0 - ~s-' showing the transitions i?om type B serrations to smooth
curve and back to type B serrations".

Cu-A1

Cu-Mn

Figure 4.7: Deformation mechanism maps for CuAl (a-c) and CuMn (d-f)
p s". (a) 5 atm%-, (b) 7.5
determined at a strain rate of 2.5 x 1
at.%Al, (c) 10 at.% AI (d) 0.63 atm%Mn ( 0 ) and 0.95 at.% Mn (i),
(e) 1.1 at.% Mn, and@ 2.1 at.% Mi?'.
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Test Reproducibility

The reproducibility and reliabrlity of results is an important factor when analyzing

and comparing flow curves. To vaify and validate some of the musuai results (Le.
pecuiiar serrations) obtaùied in this investigation, some of the tests carried out under
certain conditions were re-executed, namely, at a temperature of 900°C and a strain rate
of 1 s-'. The results of these tests are s h o w in Figure 4.8.
Peculiar

200 -
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n
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n
3
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E
*
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1
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Tl

Figure 4.8: Stress-strain c w e s of three trials run at 900°C and a strain rate of 1
s-' for steel A.
The shape and flow stress levels differ slightly, about *10 MPa, from the initial
flow stress detected 0.e. trial I of Figure 4.8). Moreover, the peculiar serrations are not
reproduced at similar strains, but appear at slightly higher strains in the later tests. The
lack of reproducibility was somewhat disturbing, albeit many factors could be invoked to
explain the non-repeatability of the results. For one, even though the conditions in tems
of temperature and strain rate were the same, changes in some of the other conditions
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andlor testing procedures could have aKected the results. These include the argon flow
rate, the thermocouple placement and the holding time at testing temperature prior to the
experiment. The material may dso contain some inhomogeneities that can cause the
results to Vary from sample to sample. Lastly, shortening andior lengthening occmring
during an experiment altas the flow stress and strain data. When the specimen gauge
length shortens, fiom the law of constant volume in plastic defornation, the gauge
diameter will increase accordingIy. When the angular rotation and torque are converted
to equivalent von Mises strain and stress, respectively, the variables (gauge length and

diameter) are held constant in the calculation. That is, the gauge length and diameter are
assigned their initial values without taking into account a .changes that occur during the
experiment. The flow stress versus strain curves generated can therefore contain some
inaccuracies, since any changes in the gauge le@

and diameter were not considered in

the stress and strain conversions.

4.2.1.3

Flow Stress as a Function of Temperature

We return now to the unusual 'hardening' experienced at 1100°C and a strain rate
of 1

S-'

and at 1050°C and strain rate of 104 s-Lwhere the behavior suggests that,

perhaps, DSA was manifesting itself through a negative strain rate sensitivity (SRS). It
should be recded f?om section 2.5 that DSA is often accompanied by negative SRS and
a hump in the flow stress versus temperature curve. However, when the peak stresses
were plotted versus temperature for all strain rates, as shown in Figure 4.9, the humps in
the cuves at strain rates of 1 0 - ~and 104 s-' were not as distinct. If the curves are
extrapolated to 1500°C, the approxirnate melting point, it appears that there is more of a
valley at 1050°C than the beginnings of a hump at 1100°C at a strain rate of 10-2 s-1. As
for the 10-4 s-1 cuve, a hump does seem to surface although, to a very modest degree. If
the humps are actual manifestations of DSA, the shift of the hump to higher temperatures

as the strain rate is increased is logical. A higher strain rate implies a higher dislocation
velocity and, therefore, a higher temperature is required to increase the sofute diffusion
rate and induce DSA Unfortunately, M e r examination of the humps observed at 1 0 - ~
and 10-4 s-1 was not possible because the numba of samples of steel A was limited.
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Temperature (OC)
Figure 4.9: Peak stress versus temperature for aLl strain rates investigated for steel
A.
Another interpretation of the anomalies found at strain rates of

and lo4 s-' is

related to the occurrence of dynamic recrystallization @RX). From Figure 4.9, it could
be concluded that the 'humps' at 1050°C and

lo4

s" and llOO°C and

really 'humps' but 'valleys' at l OOO°C and 10-4 s-1 and 1050°C and

s-' are not

lo-' s'l . According to

this view, they occur as a result of the transition from single peak to multiple peak DRX.

This transition is accompanied by softening, which could explain what is observed.
Multiple peaks can be clearly seen in the stress-strain plots, beginning at a temperature of

1000°C at a strain rate of lo4 s-'. In the case of 10-2 s-1, the periodic oscillations are not
so evident.

In Figure 4.9, there is a slight overlap of the 5 and 1 s-I curves at 950°C.
Deformation heating may have occurred at the higher strain rate and this could explain

the overlap. Another explanation, also applicable to the 'humps' observed at the lower
strain rates, could be the margin of enor involved in the present experiments.
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Because of contradictory results obtained early during the teçting of steel A as
well as the inability to reproduce the results, the author became more meticdous and
systematic in her approach for the subsequent tests. Much more attention was paid to the
details and specifics of the experimenîs (i-e. holding time prior to deformation,
Obs exvations during heating

and soaking).

Figures 4.10 to 4.13 siimmarize the flow curves obtained for steel B over the
temperature range 900 to 1200°C at strain rates beginning at 10' s-' and continukg down
to 10" s-'. At a strain rate of 1 s", d i s M a serrations are observed dong sections of the
stress-strain curves at test temperatures of 950, 1000, 1050 and 1200°C. This behavior is

simila.to that observed in steel A at temperatures of 900 and 950°C and a strain rate of I
s-'.

Strain

Figure 4.10: Stress-strain curves for steel B detennined over the temperature
range 900 to 1200°C at a strain rate of 1 S-'.
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Strain

Figure
4.11: Stress-strain curves for steel B detennined over the temperature
range 1000 to 1200°C at a strain rate o f 10-' 8.

Strain
Figure 4.12: Stress-strain curves for steel B determined over the temperature
range 900 to 1200°C at a strain rate of 10-2 s-1 .
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Figure 4.13: Stress-strain cunres for steel B detemiined over the temperature
range 1000 to 1150°C at a strain rate of 1U3s-'.

4.2.2.1

General Appearance of the Stress-Strain Curves

The genaal appearance of the stress-strain c w e s is similar to those of steel A in

that the amplitude of the oscillations increases as the strain rate is decreased. In addition,
peculiar serrations appear at certain temperatures at a strain rate of 1 s-', as was found
with steel A. Again, this could be due to the operation of different diffusion processes,

which results in the appearance of different types of serrations. It must now be recalled

fiom section 2.10.1 that the appwance of the serrations c m vary significantly and that
more than one type cm occur simultaneously. One phenornenon that was not observed in
steel A, since the strains attained were not as hi&,

was that the amplitude of the

oscillations in steel B tended to increase at strains of around 5 for certain temperatures at
strain rates of IO-' and 10-2 s-1. No reasonable explmation was found for this behavior.
Large drops in flow stress occurred at low strains, such as those in the 1050 and
1200°C fiow curves. These can be explained by slippage of the threaded end of the
sample in the stationary grip of the torsion machine. When a sample is not sufnciently
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tightened into the stationary grip and it slips during testing, the rotating grip rotates
without the 'normal' resistance to deformation. Therefore, the torque cell, located at the
end of the stationary grip, records a lower torque.

4.2.2.2

Flow Stress as a Function of Temperature
The peak stresses obtained at all the temperature and strain rate combinations

tested are summarized in Figure 4.14.

Beginning with the highest strain rate, 1 s-',

continuous softening is noted until a temperature of 1000°C is reached. The peak stress
then rises quite sharply at 1150°C before decreasing again at higher temperatures. The

points at both 1100 and 1200°C do not appear to follow the trend of the curve; they are
lower than expected It could be that the points are legitimate and are manifestations of
DSA, being associated with slight humps in the stress versus temperature curve. When

going to lower strain rates, the 'hump' should shift to lower temperatures since, at lower

strain rates, the dislocation velocity is reduced. This is not the case, however. Some tests
were repeated and different values of the peak stresses were determined. The values of
the peaks relative to one another therefore do not necessarily represent the true diffaence
and detemination of the trends becomes dificult. The variability could have resulted
fkom the inhornogeneities in the material referred to above. This could have caused the
flow curves to differ fkom one test to another under the same conditions. Another
explanation is that test parameters such as thermocouple placement and set-up conditions
may have dtered enough to cause flow curve variances. Consequently, no inferences cm
be drawn fkom these results without a more extensive investigation employing other
testing rnethods (i.e. strain rate change tests).
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Figure 4.14: Peak stress versus temperature for all strain rates examined for steel

B.

4.3

Strain Rate Change Results
Strain rate change tests were carried out in order to remove the problems of

sample and test variability. By performing strain rate changes on a single sample, the
issue of sarnple to sample variability is resolved; the change in stress cm be taken as the

m e change resulting fkom a strain rate change and not fkom any material
inhomogeneities.

It also maintains the testing set-up, such as the thennocouple

placement, and allows for direct cornparison firom one strain rate to another without
questioning whether the conditions were the same. Basically, the test c m be employed to
conclude whether the material exhibits positive or negative strain rate sensitivity under
the conditions of testing.

Figure 4.15 shows some of the stress-strain curves obtained in this way.
Beginning with Figure 4.15a, a general increase in flow stress is observed when the
strain rate is increased fi-om 10-' to 1 s-'. At the initiation of the strain rate change, there is
a stress drop at each temperature studied This apparent softening or relaxation seems to
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have resulted fiom programming problems associated with the torsion machine software.
A simila. response is noted when the reverse change in strain rate is made. At higher

temperatura, the steady state flow stress level is preserved upon retuming to the lower
strain rate. At lower ternperatures, the second steady state flow stress level at IO-' s-'
increased compared to the initial steady state flow stress at 1O-' s-'. This c a . be attributed
to the changes in specirnen size, as discussed in section 4.2, which were not taken into
account.

The appearance of each curve in terms of oscillations shows that the scatter level
is comparable throughout the temperature range studied, with the exception of the
1150°C flow cuve. The latter exhibits distinct oscillations at the highest strain rate, 1 s-',

which were also observed in the simple torsion tests of steel A and B (see Figures 4.3
and 4.10). The sudden drops in £iow stress are most likely due to slippage of the sample
in the h e d grip.
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Figure 4.15: Stress-straincuves determined in the strain rate change tests (a) 10-'
to 1 O-' and back to 10-2 s-1 ,and
to 10' and back to 1 0-ls-', @) 1
(c) 10" to 1 0 - ~and back to 1o9 S-'.
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When going to the next set of strain rate change tests, fkom 1 0 - ~
to 10-' and back
to IO-' s", the amplitudes of the semations are similar all along the cuves. Again, the
flow curves display a drop in stress at the onset of a s t r i n rate increase or decrease- The
drop, however, is not as severe, especially after the deaease in strain rate. In general, the
steady state stress level associated with the lower strain rate is resumed after the strain
rate decrease.

In the last set of strain rate change tests, shown in Figure 4 . 1 5 ~the
~ oscdlations in

the curves are more pronounced. In addition, there is no visible drop in stress upon the
strain rate increase and only a small dip is discernible after the strain rate decrease. This
is probabiy because the strab rates are both quite low in this case and the machine
software is better able to accommodate the changes.
One important fact that was revealed through these tests was that, under the
conditions studied, there was no evidence of negative strain rate sensitivity.

The

response to every increase and decrease in strain rate was an overall increase and
decrease in flow stress, respectively.

Although, negative rate sensitivities were not

found, this does not necessarily imply that DSA is not occurring. When testing at high
temperatures in the presence of dynamic recrystallization, sipificarnt work hardening is
prevented. The absence of appreciable work hardening makes it particularly difficult to
detect when dislocations are able to escape f?om their sohte atmospheres as a result of a
strain rate increase.

4.4 Constant Stress Rate Results
Several studies have been conducted using constant stress rate tests to
demonstrate discontinuou yielding33,52-56 . These studies have shown that, rather than
displaying a semated shape, the c u v e is characterized by a stepped appearance, as shown
in Figure 4.16. The mechanics of the test procedure have been demonstrated to alter the

form of the stress-strain curve53-56 . The stepped or stair-shaped curve featured under
constant stress (creep) and constant stress rate conditions is said to result £rom the
propagation of a plastic deformation wave front, othenvise referred t o as a Lüders band,
along the specimm52,56.

Each horizontal section of the curve corresponds to the

propagation of a defornation wave. Each time the stress is increased, an instability
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condition is reached in a section of the specimen and yielding begins. The deformation

band then moves to unyielded regions under constant stress until it has propagated along
the whole specimen. The material is now strain hardened and the stress must be
increased before another deformation band can be generated

The process is then

repeated and, betweai the occun:ences of such waves, ahost no strain is produced, hence
creatuig a 'step' on the stress-strain curve. It is of interest that, during each stress
g sirain increase, it is v a y
increase, the plastic strain rate is very low, while d u ~ each

hi&.

Thus, this curve displays the type of negative SRS nomally associated with DSA

behavior.

Figure 4.16: Typical stepped stress-strain curve for annealed, cornmercially pure,
aliiminum (at room temperature) under slowly applied dead weight
tende loadings3.
Another explmation given by Reynolds is that, as the material is strained, lattice
vacancies are created which enhance diaision and precipitation in their immediate
vicinitys6.

The material is then hardened and, consequently, movement of the

deformation band is prevented. The stress must therefore be increased to initiate anotha
band at some other point along the gauge length of the specimen. Another band is
formed and extends mtil the hardening fkom precipitation of solutes becomes substantial
enough to stop spreading of the band
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The idea of performing a constant stress rate test was based on this established
method of dernonstrathg that discontinuities on stress-strain curves originate fi-om solutedislocation interactions. The result of a comtmt stress rate test carried out on steel C ,
tested at a stress rate of 0.5 MPds at 950°C, iç presented in Figure 4.17. The curve
clearly displays discontinuities, although these are not in the classical form of steps. The
discontinuities are grouped in bunches of three or four and persist, although to a smaller
degree, to relatively high strains. These peaks may or may not be attributable to solutedislocation interactions. Cyclic dynamic recrystallization may also be responsible for this
behavior since the experiments were paformed at a high temperature, where
recrystallization becomes an issue.

Strain

Figure 4.17: Stress-strain curves of steel C and iron tested at a constant stress rate
of O S MPds at 950°C.
Dynamic recrystallization (DRX) involves the nucleation and growth of new

grains during defomation. When periodic DRX occurs, the matenai is work hardened
sufnciently so as to induce DRX;subsequently, the material is softened and drops in flow

a

stress are observeci. The maîerial is then strengthened again by defomation u n d it
reqstallizes once more. This process is repeated several times over the course of the
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deformation process. The softening experienced during periodic DRX could explain the
dips observed on the upper stress-strain curve of Figure 4.17.

If, indeed, these

discontinuities are caused by cyclic DRX, then a purer material, such as iron, should

manifest this behavior to a stronger degree. For a purer material, the drops should be
much more pronounced as there are fewer obstacles to impede grain boundary
movement. In addition, the number of stress drop cycles should also increase as the
kinetics of the recrystallization process will be faster. Pure iron was therefore also tested
under the same conditions to verZy this hypothesis. The stress-strain curve of the iron is

shown together with the steel C cuve in Figure 4.17.
The iron displays the same peculiar breaks although wîth fewer burnps, which are
also slightly smaller, though the relaive drops are about the same. According to workers
such as Jonas and Sakai, a single peak flow curve signifies that grain rehement is
occurring,

while multiple peak flow curves indicate grain coarsenings7. Whether

rekement or coarsening of the grains will occur is determined by the initial grain size
relative to the stable dynamic graia size. If the initial grain size is finer than the stable
dynamic grain size, coarsening will occur and the flow curve will exhibit multiple peaks.
Conversely, if the initial grain size is larger than the stable dynamic grain size, the grain
structure will be refined and the flow curve will display only one stress peak.

A

schematic diagram depicting multiple and single peak flow is reproduced here in Figure
4.18.

Figure 4.18: Schematic diagram of (a) periodic recrystallization and (b) single
peak re~rystallization~~.
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With the aid of this information, we cm now return to the case of the iron and of

steel C. It can be imagined that the iron might have possessed an initial grain size closer
to its stable dynamic grain size than steel C. Unfortunately, the initial grain sizes were
not measured as it was only recognized later that the grain sues might have played an
important role, If the iron had a larger grain size prior to deformation, this would expIain
why it did not exhibit as large or as many drops in flow stress as steel C . That is, it did
not require as m a . cycles of recrystallization to reach its stable dynamic grain size. This
interpretation is based on the observation that larger grains were present in the iron afier a
15-minute soak at 1200°C than in the steel. During this time, gain growth occurred and
the iron, with fewer solutes and particles to inhibit grain growth, attained a larger average

grain size than steel C , which contained many more impurities. This scenario can explain
the present observations, as indicated in more detail below.
To investigate the discontinuities further, a plot of the strain rate versus the strain

was superimposed onto the stress-strain curves, as shown in Figures 4.19 and 4.20. Ir;
both cases, the strain rate curves are consistently synchronized with the flow stress

curves. Dips in the strain rate coincide with decreases in the flow stress. This means that
the material was displaying positive S R . under the present tesMg conditions, unlike the
negative SRS that characterized the material of Figure 4.16. That is, when the curves of

Figures 4.19 and 4.20 are smoothed, the peak stresses coincide with the peak strain rates
and vice versa Thus, it appears that cyclic dynamic reqstallization can provide a
rationalkation for the appearance of the dips in the flow curve.

Clearly, further

investigation of this phenomenon is called for. Nevertheless, it can be concluded at least
tentatively that the 'large strain' fluctuations are due to cycles of dynamic
recrystallization, while the fine scale ones (Le. the 'noise' or scatter) may be due to DSA.
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Figure 4.19: Stress and strain rate versus s t r a i n curves for steel C, determined at a
constant stress rate of 0.5 MPds at 950°C.

3
Strain

4

Figure 4.20: Stress and strain rate versus strain curves for iron, detemiined at a
constant stress rate of 0.5 MPds at 950°C.
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Decreasing Temperature Results
Cahn's model, as discussed in section 3.6.3,

was adapted for the case of

dislocation motion to estimate the temperatures and strain rates at which an instabïlity
could arise as a result of a transition in the interaction between solute atoms and
dislocations. At low velocities, the dislocation velocity is considered to be determined by

an impurity drag effect in which the impurities are dragged dong by the disl~cations~~.
At hi& velocities, the dislocations break away fkom the solute atmospheres and their
velocity is now dependent on the rate of diffusion of solute atoms across the

dislocation^^^. At the transition point between these two extrema, there is an instability,
which foms because two velocities are possible at a given driving force. The following
equation, taken f?om Cahn was u s 4 to locate this instabiïty4':

Here P is the driving force, h is the intrinsic drag coefficient or the reciprocal of the
intrinsic (pure metal) mobrlity (m = moexp(-Q/RT)) ,V is the grain bouiidary velocity, or
for our case, the dislocation velocity, and Co is the bulk concentration of the solute
species. The parameters a and P are variables given by the foLlowing:

Here N is the number of iron atoms per unit volume, k is Boltzmann's constant, T is the
absolute temperature, E, is the interaction energy between the grain boundaq and the
solute atom, or for our case, the interaction energy between the dislocation and the solute
atom, D is the diffusion coefficient of the solute species, R is the ideal gas constant and8
is the interaction width. One of the solute elements most likely to be responsible for the
instability in the present case is phosphorus, based on the results obtained in the stress
scatter level tests ( s e section 4.1). This is why it is selected here for the instability
calculation. The values assigned to the variables in the model are listed in Table 4.3.
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Table 4.3: Comtants used to calculate the driving force, P.

I

Parameter

I

I

Reference

1

58*

l/ [ 4.4 x 106exp (-276 000 1 RT) ]

h (m4D s)

l

1

Value Assigneci

I

1

%dues for nickel

Using the adapted model and the values given in Table 4.3, the force versus
veIocity plots of Figure 4.21 were obtained. Here, unstable flow will occur when the
velocity increases while the force is decreasing. Between 900" and L200°C, unstable
dislocation velocities defined in this way span the range fiorn 1.5 x 10" to 12 m/s. To
find the approximate strain rates to which these velocities correspond, the following

relatiomhip was used:

where b is the Burgers vector, p the dislocation density and v the mean dislocation
velocity5. However, the dislocation density will Vary with stress according to:

where o is the stress, a is a numerical constant between 0.3 and 0.6 and G is the shear
modulus 13.
A s s u d g a stress of 40 MPa for steel C,a Burgers vector of 2.5 x 10-l0m,a shear

modulus of 50 GPa, and an a constant of 0.4, the strain rate range was e s h a t e d to f
d
between 13.8 and 110 666 s-'. These are very high strain rates, and since the calculation

involved many assumptions, it can be concluded that the model did not provide the exact
locations of the expected instabilities. Nevertheless, it does demonstrate the existence of
the instability produced by the transition fkom the solute drag to the 'lattice fiction'
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regime (as denoted by Blanc and ~trudel'~).A test was therefore designed to provoke
this transition under the conditions where serrated yielding had previously been reported

by Kirihata et al?, that is, at strain rates of 10-~,10" and 104 8' and at temperatures
between 900" and 1200°C. To e h i n a t e the need to perform tests at a series of
temperatures, each test was conducted under continuous cooling conditions. The stressstrain m e s obtained in this way, dong with their respective temperature profiles during
deformation, are shown in Figures 4.22 to 4.24 for steel C. The flow stress in Figure
4.22 does not immediately increase upon a temperature decrease; in fact, it deaeases.

This is most Likely due to a time lag between the thermocoupIe and sample temperatures.

Figure 4.21: Force versus dislocation v e l o c i ~pronle calcdated using the mode1
formulated by Cahn.
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Figure 4.22:. Stress-straïn c w e and temperature profile for steel C. Test carried
out at E rate = 1 o - S-'.
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Figure 4.23: Stress-strainc w e and temperature profile for steel C. Test canïed
out at &rate=10-3 s-1.
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Strain
Figure 4:24: Stress-strain c m e and temperature profile for steel C. Test cmied
out at E rate = 1 0 -s'l.
~
The amplitudes of the serrations on the stress-strain c w e s of Figures 4.22 and
4.24 appear to increase as the temperature is lowered. To inspect this ixend more closely,

the difference berneen the instantanmus stress and the smoothed average stress, obtained
by averaging 100 points at a time (a 'running' average), was plotted versus strain for all
the conditions studied. These curves are shown in Figures 4.25, 4.26 and 4.27.

An

increase in the stress diffaence with strain would ïmply that the 'noise' level is
increasing as the temperature is deaeasing.

Such an increase codd indicate that DSA

or some other type of solute-dislocation interaction is taking place. At a strain rate of 1 0 - ~
s-', Figure 4.25, the amplitude of the serrations clearly increases as the temperame is

decreased. At a sixain rate of 1o - s-',
~ Figure 4.26, the change in the stress difference
amplitude is not so evident. At the final and lowest strain rate, 10-4 s-1, Figure 4.27, once
again, there is an increase in the amplitude as the temperature is decreased.

The amplification of the oscillations with deaeasing temperature suggests that
there may be an increasing drag effect of the solute elements on the dislocations. The
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substitutional atoms may begin to impose a higher drag force, caused by the temperature
decrease, which results in a lower diffusion rate. This could act to m a t e a larger degree
of pinning and unpinning of the dislocations and could provide a possible explanation for
observed behavior.
Figures 4-22 to 2-25 clearly do not display any sharp instabilities in flow stress.
A plot of log stress versus inverse absolute temperature was therefore prepared to try to

draw out evidence for the instability, as was done in the work of Le Gall and

ona as'^.

They studied the effect of sulphw segregation to grain boundaries in nickel and found
that there was a discontinuity in the log stress versus inverse absolute temperature plot for
data taken f?om hot compression tests. Unfortunately, there was no evidence for a similar

discontinuity in the data obtained on steel C tested under the present conditions.

Strain
Figure 4.25: Difference between the instantaneous stress and the smoothed
average stress, obtained by taking ninning averages of 100 poirits,
versus the strain at E rate = 10-2 s- I .
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Figure 4.26: Difference between the instantaneous stress and the smoothed
average stress versus the strain at E rate = 1 o ' ~s-'.

1.5

Strain
Figure 4.27: Difference between the instantaneous stress and the smoothed
average stress versus the strain at E rate = 10-4 s- 1 .
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Results of the Low Ratio Strain Rate Change Tests
The final tests that were carried out in the attempt to extract evidence regarding
the occurrence of DSA consisted of modified strain rate change tests. The strain rate
change ratio was reduced fiom the mual one order of magnitude d o m to about 1.3. It

was reasoned that if the stress oscLUations in Figure 4.1 are the result of solutedislocation interactions, the critical 'holding t h e ' for pinning and u n p h h g is in the
order of seconds or fiactions of a second, In addition, it appears that only small strain
rate fluctuations are needed to cause jerlq flow at high temperatura. In an effort to
obtain more solid evidence for DSA behavior, low ratio strain rate change tests, using
steel C, were perfonned with varying holding or cycle t h e s . The expected or projected
response to a change in strain rate that can be considered to provide evidence for the
pinning and unpinning of dislocations is illustrated in Figure 4.28.

Unpinning
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E, <

O
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O
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Strain
Figure 4.28: Schematic diagram showing the expected effect of the pinning and
unpinning of dislocations during low ratio strain rate changes.

In order to maximize the use of each sample, several strain rate change tests were
carried out on each specimen. Once a strain rate change sequence was completed, the
next series of s t r a h rate change tests was executed at the next set of assigned strain rates.
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The stress and strain rate versus time curves of the fïrst test are shown over the entire
strain range in Figure 4.29, whiie Figure 4.30 displays the m e s in sections for better
viewing and analysis. For cl*,
d

an average strain rate cuve, obtained by taking a

g average of 50 data points, is also s h o w in the 5gures. In reality, however, the

variability in strain rate is fairly large, producing an overlap between the two strain rates.
In the case of the flow curves, Figure 4.29 shows the actual curve with no alterations,
whereas in Figure 4.30, the flow stress is again smoothed by taking a ninning average of
50 data points for c l m . Looking at Figure 4.30, it is evident that the snain rate
changes are not abrupt; that is, the wave is not square, but rather in between a triangle

and a square wave. The sluggish response was even more pronounced when the holding
time was decreased. The strain rate did not have time to reach its designated value before

it decreased again to the lower rate.
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Figure 4.29: Stress and strain rate versus strain curves determined at 950°C for
steel C in test 1 of the low ratio strain rate change tests.
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Strain
Figure 4.30: Magnifïed smoothed stress and smoothed strain rate versus strain
curves det&ed
at 950°C for steel C in test 1 of the low ratio
strain rate change tests fiom (a) E = 1 to E = 2, (b) E = 2.1 to E = 3.2
and(c) E = 3.6 to E =4.8.
In these diagrams, the flow stress exhibits positive strain rate sensitivity, although
the response is rather slow. The two are not well synchronized, the flow stress changes
lagging behind the strain rate changes. At the longest holding time, 5 seconds, there are
as many peaks and dips in fiow stress as there are changes in strain rate. This is not the

case for the shorter holding tirnes; under the latter conditions, it appears that there was
insufncient time for the steady state flow stress to be reached.

The conditions of the test were then repeated with only a few changes. First, the
main rate change program was dtered such that it provided sharper changes in main rate
and the shorter holding times were omitted as they provided little information. The other
modification was that the data acquisition rate was increased to 100 data points per
second. Figure 4.31 summarizes the results of the experiment, while Figure 4.32
provides more detded information about each sequence of the strain rate changes.
Although the strain rate changes were more abrupt, there was no apparent change in the
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flow curve. The response to the strain rate changes is simila-to that of the k s t test, with
the exception of the p d a r drops and rises in flow stress a l l dong the cuve, as
iUustrated in Figure 4.31. It is of interest that the 'rises' tend to occur at the high strain
rate and the 'drops' at the low strain rates. These anomalies do not, however, appear in
the curves of Figure 4.32 because this cuve displays the smoothed mming average
obtained using 50 data points. No explmation can be offered as yet for these unusual

dips and rises in flow stress.
The third test, shown in Figures 4.33 and 4.34, again produced comparable
results, with no obvious pinning and unpinning at the beginning of each strain rate
change. This experiment, however, displayed the fastest response to the changes in strain
rate. The flow stress began to change immediately upon a s î r a i n rate change. The

maximum and minimum flow stresses followed after a strain interval associated with
work hardening and flow softening, respedvely.
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Figure 4.31: Stress and strain rate versus strain c m e s detennined at 950°C for
steel C in test 2 of the low ratio strain rate change tests.
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Figure 4.32: Magnified smoothed stress and smoothed strain rate versus strain
curves determined at 950°C for steel C in test 2 of the low ratio
strain rate change tests fiom (a) E = 0.75 to E = 1.25 and (b) E =
1.32 to E = 2.25.
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Figure 4.33: Stress and strain rate versus strain curves determined at 950°C for
steel C in test 3 of the low ratio strain rate change tests.
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(b)
Figure 4.34: Magnifieci smoothed stress and smoothed strain rate versus strain
cuves detennined at 950°C for steel C in test 3 of the low ratio
strain rate change tests fkom (a) E = 1 to E = 2.5 and @) E = 2.5 to E
= 3.8.
No evidence of pinning and unpinning was obtained using this type of testing.

Only positive rate sensitivities were observed. The conditions rnay not have been
suitable for producing evidence of this phenornenon, if it occurç. Another possible
explanation is related to the mode of testing. In torsion, the torque measured by the load
cell sums up the contributions of ail the rings or shells in the specimen, with the weight of
the outermost ring being the highest. Such averaging will result in the suppression of
possible flow peabs or drops in any one ring. In addition, the noise level of the machine
with respect to strain rate was very hi&- Consequently, the flow stress 'noise' was also

hi& and events such as pinning and unpinning may have been 'drowned out' by the
noise.

The effect of substitutional elements on dynamic strain aging in steel is not well
researched. The purpose of this study was to investigate and hopefully to determine the
conditions under which DSA occurs as a result of the presence of substitutional elements.

Several tests were formulated in attempting to extract evidence for this phenornenon.
The following conclusions can be drawn nom this work-

1. Stress Scatter Tests
The 'pure' iron sample possessed the smoothest stress-the curve,
followed (in order) by steels D, E, B, F and C.
No single element could be isolated as the sole cause of the stress
variations. Analysis and cornparison of the stress-time curves as a
function of their chernical compositions were difficult as the
chernistries of the steels were so different.
0

Nevertheles, the effects of silicon, phosphorus and sulphur on the
amplitude of the oscillations were greater that those of the other

elements. This conclusion is consistent with their higher interaction
energy levels with grain boundaries and with their higher diffusivities.
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It was assumed in this work that the values of the former are
comparable to the interaction energies of a solute and a dislocation.

It could also be concluded that, rather than the solute-dislocation
interactions causing the stress fluctuations, the latter could result fkom
solute-grain boundaq interactions.

The twist rate, obtained by t a h g the derivative of the angle-strain
cuve, was found to Vary significantly, indicating that the testing
machine does not provide a constant strain rate for testing.

2. Simple Torsion Tests
There were pecuiiar serrations observed in both the steel A and steel B
tests carried out at various temperatures at a strain rate of 1 s-'.
In one case, the peculiar serrations were intermittent with the
serrations a&aring,

disappearing and then appearing again. Other

workers have dso observed this behavior in between isolated stable
deformation regirnes3450,s 1. Dserent diffusion processes have been
considered to be responsible for this phenornenon (i-e. diffusion via
vacancies, diffusion via interstitials, etc.).

3.

Strain Rate Change Tests
Under the conditions examined, there was no evidence of negative

strain rate sensitivity.

-

Dynamic recrystallization probably eliminated the effect, if a q , of the
work hardening contribution made by solute-dislocation interactions.
The low dislocation densities present at high temperatures may make

it diffïcult to obtain evidence for DSA.

4.

Constant Stress Rate Tests
Constant stress rate tests have often been utilized to demonstrate the
occurrence of discontinuous yielding. It was therefore hoped that this

Chapter V

Conclusions

84

type of testing could extract evidence for DSA at elevated
temperatures.

The iron and steel C specirnens did not display the classical stepshaped stress-strain c w e s observed at lower temperatures.

The

stress-strain curves for both materials contained similar cyclic
discontinuities.
The cycles are probably caused by repeated intervals of dynarnic
recrystallization.
The data indicated that the materials were characterized by positive
rate sensitivities under the ciment testing conditions.

Decreasing Temperature Tests
No distinct stress instability was found when the temperature was
decreased at all the strain rates investigated.
At two of the strain rates explored, 1 0 - ~and 1o4 s-', the amplitudes of
the serrations increased when the temperature was decreased. Thinis

was taken as an indication that the solute atoms were imposing higher
drag forces as the temperature was decreased. The higher degrees of

pinning and unpinning probably produced greater fluctuations in
stress.

Low Ratio Strain Rate Tests
This test was employed to attempt to demonstrate the pinning a d
unpinning of dislocations when small strain rate changes are made.
Unfortunately, the occmence of such events could not be verified.
a

The conditions may have been unsuitable for revealing this
phenomenon.

It could also be that torsion may not be the most

suitable testing mode as it sums up the torque contributions of each
incremental shell of the specimen. The torque peak produced in a
single ring may get suppressed or obscured when al1 of the rings are
considered.

ConcIusions
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Another explanation is that the strain rate noise level of the machine is

simply too high to pennit fine scale effects such as the pinning and
unpinning of dislocations to be observed.
Although this study was not successfui in producing T-m evidence for the
occurrence of DSA caused by substitutional elements in steel, this does not imply that the
phenomenon is not taking place. The work simply demonstrated that perhaps torsion
testing is not the most suitable mode of testing, especially with the eqyipment and
software cwently available. In order to reveal DSA, the sensitivity of the machine must
be high with a very high signal-to-noise ratio.

Unfortmately, the torsion machine

available for this investigation did not exhibit these features. Moreover, the fact that
these tests were carried out within the dynamic recrystallization temperature range may
have reduced the dislocation dençities to levels that are too low to permit evidence for

DSA to be obtained.

More work must therefore be done in order to further our

understanding of DSA in steel at elevated temperatures and perhaps to find a method that
is suitable for establishing fjrm evidence for this phenomenon.
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