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History effects in polycrystalline BCC metals and steel subjected
to rapid changes in strain rate and temperature

J. KLEPACZKO (WARSZAWA) and J. DUFFY (PROVIDENCE)

A REVIEW is presented of the available experimental data on strain rate and temperature history
effects for polycrystalline BCC metals and ferritic steels together with new experimental results
on AISI 1020 hot rolled steel (HRS). The early experiments on steels and other BCC metals
are discussed in which interrupted tests were performed at two substantially different strain
rates or temperatures. These experiments revealed that a substantial difference in response
exists between BCC and FCC polycrystalline metals. The review also includes results of in-
cremental strain rate tests with large jumps in strain rate augmented by a series of experiments
designed to determine strain rate history effects in steel. A literature survey on incremental
tests for BCC metals and steel is also included. Experimental results for ferritic steels discussed
in the paper indicate that for low temperatures as well as for the dynamic ageing temperature
region strain rate history effects are shown to be of considerable importance.

Przedstawiono przeglad osiagalnych danych do$wiadczalnych dotyczacych efektow historii
predkosci odksztalcenia i temperatury dla polikrystalicznych metali o sieci regularnej prze-
strzennie centrowanej i dla stali ferrytycznych, jak réwniez nowe dane eksperymentalne doty-
czace stali AISI 1020 walcowanej na goraco. Przedyskutowano wczeéniejsze doéwiadczenia
ze stala i innymi metalami typu BCC, w ktérych wykonywane byly testy przerywane przy dwoch
calkowicie roéznych predkodciach odksztalcenia lub temperaturach. Wykazywaly one istotna
réznicg w zachowaniu si¢ metali polikrystalicznych o sieci centrowanej przestrzennie i powierz-
chniowo. Przeglad zawiera réwniez dane z eksperymentéw z ciagla zmiang predkodci odksztat-
cenia i duzymi skokami tej predko$ci, uzupelnione seria badafh majgcych na celu okreslenie
wplywu historii predkoéci odksztalcenia w stali i odpowiednim przegladem literatury. Przed-
stawione wyniki dotyczace stali ferrytycznych wskazujg, Ze przy niskich temperaturach i w ob-
szarze temperatur dynamicznego starzenia efekty historii predkosci odksztalcenia sq znaczne.

IlpepcraBneno oGospeHne OOCTYINHBLIX IKCOEPHMEHTANLHBLIX [AHHBIX, Kacaroumxca sddex-
TOB MCTODHM CKOPOCTH AethopMAalMH M TeMNEpAaTyphl A MOJHKPHCTALUIHYECKHX METAJUIOB
C peryJisipHOi NPOCTPAHCTBEHHO LICHTPHPOBAHHOM pelleTKod M AnA deppHTHBEIX cTajei, Kak
TO)KEe HOBBIE SKCIIEDHMEHTAILHEIE [aHHBIE, Kacaioluecsa ropsdexaranod cram AISI 1020.
OGcy»paensr Gonee paHHME 3KCIIEPHMEHTBI CO CTAILIO M C ApyrEmu metaulamm THna BCC,
B KOTOPBIX NPOBOJMJINCH TECTBI NPEKpAIIEHHLIE NPH ABYX IIOMHOCTHIO PAa3SHBIX CKOPOCTAX
medopmaiiuy WM Temmeparypax. IIoKashIBald OHHM CYIUECTBEHHYIO DasHHMIY B NOBeJC¢HHM
MOJIMKPHCTA/UIMYECKHX META/UIOB C IEHTPHPOBAHHBLIMH IIPOCTPAHCTBEHHO M TIOBEPXHOCTHO
pemerkamu. OGo3peHHe COOEPMKHT TOX(E [JaHHBbIE H3 IKCIIEPHMEHTOB C HENPEPHIBHBIM H3Me-
HEHHEM CKOpOCTH Aedopmammu u GONBIIMMHE CKaYKAMKM 3TOM CKOPDOCTH, NOIOJHEHHLIE cepHei
HCCIIeIOBaHHIf HMEIOUHX [IeJIBI0 ONPEeNe/IHTE BIIHAHNE HCTOPHH CKOPOCTH Ae()OpMALIHHA B CTAIH
M COOTBETCTBYIOIHM 00OSpeHHeM JHTepaTyphl. IIpencTaBiieHHBIE pe3yJIbTaThl, KacalOIMIHECH
theppHTHBIX cTanelf, OKA3LIBAIOT, YTO MPH HHSKHX TEMIIEPaTypax H B OBJIACTH TeMIepaTyp
OMHAMHYECKOTO CTapeHHd, 3G deKThl HCTOPHH CKOPOCTH AehOpMALIMH 3HAYHTEIIBHBI.

1. Introduction

THE FLOW stress of polycrystalline metals and alloys as well as single crystals is influenced
both by the temperature at which deformation occurs and by strain rate [1-4]. These
effects have been extensively studied during the past decades. But only recently has it
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been recognized that the strain rate and temperature deformation histories play a very
important role in the plastic behavior of metals and alloys. It has been shown during
the past decade that strain rate and temperature history effects are substantial in the case
of polycrystals as well as monocrystals for FCC metals [5-8]. A review of available
experimental data on strain rate and temperature history effects for several FCC metals
was presented in [9]. However, there has been no extensive and systematic investigation
and evidence of strain rate history effects for BCC metals, including steels. The main
purpose of the present paper is to present a review of available experimental data in which
evidence is provided of such effects. The first part of the paper is devoted to reviewing
and discussing a few early experiments on steels in which interrupted tests were per-
formed at two substantially different strain rates, i.e. plastic deformation at an initial rate,
unloading and then reloading at different rate. These early experiments revealed quite
a different behavior in steels than was observed in aluminum, copper and other FCC
metals with regard to strain rate history effects.

The development of the torsional split Hopkinson bar made possible incremental
tests without specimen unloading and with large jumps in strain rate at different initial
values of strain [10]. This type of test, used initially to study FCC metals, has been applied
recently to study strain rate history effects in steels. Some new results on steels are discussed
in the second part of the paper.

Many investigators have observed that the flow stress of steels, including ferritic steels,
is a highly nonlinear function of strain rate and temperature [11-21]. In addition, tests
on some BCC metals also show a highly complicated plastic response with regard to strain
rate and temperature [22]. However, the majority of these results, or at least those obtained
at high strain rates, were obtained for the case where temperature is held fixed and a single
strain rate is imposed during each test. While the results are of great value, they do not
fully reflect the complications inherent in metal and alloy behavior of BCC structure.
Minima and maxima of the flow stress which are observed at different ranges of tempe-
ratures and strain rates, usually associated with diffusion controlled dislocation processes
may cause both temperature history effects and strain rate history effects within an inter-
mediate temperature range (0.3 to 0.5 of melting temperature). In addition, dynamic
strain ageing effects associated with diffusion processes may produce the appearance of
a negative strain rate sensitivity if experiments are limited to different constant strain
rates. As will be shown later, the full complexity of strain rate history effects in BCC
metals is only brought ount by experiments in which the imposed strain rate is not constant
and, in particular, by experiments in which substantial jumps in strain rate are imposed.

2. Results of early interrupted experiments

One of the most useful experiments developed thus far to obtain satisfactory informa-
tion on dynamic plastic deformation of metals involves the imposition during the course
of deformation of a sudden increment in strain rate or a sudden change in temperature.
Many of the investigations of rate effects at low strain rates have been carried out by
making small sudden changes of the deformation rate during the test, see for example
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[23]. But a convincing demonstration of deformation history effects by means of a rapid
change in strain rate frequently requires an increment of more than three orders of mag-
nitude. Because of technical difficulties in developing the incremental experiment, the
first attempts to investigate strain rate or temperature history involved interrupted testing
in which the specimen was completely unloaded before the new strain rate or temperature
was imposed. Thus, in interrupted tests specimens are loaded into the plastic range at
one strain rate or temperature, unloaded, and then reloaded at a substantially different
strain rate or temperature. The flow stresses are then compared with those obtained in
test conducted at entirely constant strain rates or temperatures.

In the earliest experiments with steels and other BCC metals rapid changes in tempera-
ture with partial specimen unloading rather than strain rate changes were imposed [24, 25].
Later the results of temperature-change experiments were reported for mild steel in [26]
where prestraining was imposed at room temperature and further straining was conti-
nued at much lower temperatures. Those early experiments indicated that for polycrystal-
line BCC metals, tested at relatively low and ambient temperatures, temperature history
effects do not dominate at small strains, up to & =~ 0.10.

The interrupted strain rate experiments [27, 28] demonstrated that after repeated
compression impact of medium-carbon steel at room temperature, the reloading portion
of the quasi-static stress-strain curve is lower than the curve obtained entirely at the
quasi-static strain rate. The results obtained in [27] for medium-carbon steel (0.32% C;
0.62% Mn; 0.23% Si) are shown in Fig. 1, the numbers on the dynamic curves denote
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FIG. 1. Repeated impact tests on medium carbon steel 0.32%, C; upper part: dynamic curves A—¢& & 3.5x
x10% s™!, B—é ~ 2x10% s~!, D and E quasi-static curves, & ~ 10~3 s~!; lower part: dynamic curves
A—e =105, B—é ~ 1.6x10% 57!, C—¢ ~ 78 s~*, D and E quasi-static curves, & & 10~3 s~!;
curves D for both parts obtained after dynamic prestraining; numbers denote time in microseconds; after

[27], (note: 1 Ib. per sq. in x 10° = 6.895 MPa).

0 2 4 &

the time in microseconds. In Fig. 1 the dynamic stress-strain curves are denoted by A4,
B and C, the entirely quasi-static curves are E; whereas curves D were obtained during
slow deformation after dynamic straining. Similar results were obtained for the same
steel in [28], see Fig. 2. In this case only the quasi-static curves are reproduced. These
curves were obtained immediately after impact loading and it is seen that for curves 4,
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Fi1G. 2. Repeated impact tests on medium carbon steel 0.32% C; 4, B and C quasi-static curves after puls-

ing without yielding; D, E, F and H quasi-static curves after small dynamic straining; — quasi-static

curve after prior slow straining to & = 0.042, x — quasi-static curve after dynamic straining & = 0.042

at T=288 K and & = L.6x 103 s~!, — quasi-static curve after dynamic straining & = 0.042 at T = 189
K and & % 8.9x10% s~1; after [28], (note: 1 Ib. per sq. in. x 10* = 6,895 MPa).

B, C and D the static upper yield stress is indeed reduced by pulsing without yielding.
In the case of small dynamic prestrains, curves E, F, G and H, the lower yield stress and
the flow stress is gradually reduced after impact loading. It is also to be observed that
an upper yield point persists in a reduced form even after dynamic straining of ~0.01,
curves G and H. Also the quasi-static portions of the stress-strain curves were obtained
after prior dynamic straining up to 0.042 at two temperatures, T = 189 K and T = 288 K
(room temperature), see the upper part of Fig. 2. It is again observed that in the interrup-
ted strain rate test the flow stress resulting from quasi-static reloading is reduced by about
10 percent in the case of dynamic prestraining, but is unaffected in the case of quasi-
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FiG. 3. Interrupted strain rate experiments on low-carbon steel, SAE 1010 plate (0.1% C); upper part:
dotted line — quasi-static deformation at 2.2 x 10~7 5™, solid line — dynamic deformation up to & = 0.009
at & ~ 7.5 s~ and subsequent quasi-static straining at & = 2.2x10~7 s~!; lower part: solid line — dy-
namic deformation at & & o 7.5s~%, dotted line qua.sn-stat:c deformation up to & = 0.008 at & =2.2x10"7
s~! and subsequent dynamtc deformation at & & 7.5 s™!, after [29], (note: 1x 10° psi = 6.985 MPa).
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-static prestraining. These results clearly demonstrate the existence of strain rate history
effects for medium-carbon steel. Metallographic examination of this steel showed that
during loading at an average initial strain rate of 2x10%s™! < & < 3.5x10%2s~* (Fig. 1)
plastic deformation occurs by fine slip, but during slower straining at & ~ 10~3s~1 the
slip bands are coarser.

Results of interrupted strain rate experiments on SAE 1010 low carbon steel (0.1% C;
0.3% Mn; 0.16% Si) were reported in [29], and they are shown in Fig. 3. In the upper
part of Fig. 3 the quasi-static tensile stress-strain curves are shown after both initial
quasi-static and initial dynamic deformation to a plastic strain g = 0.009. It was demon-
strated again that the quasi-static portion of the stress-strain curve after initial dynamic
tensile deformation and subsequent unloading is lower by about 289, than the entirely
quasi-static curve obtained with the same unloading procedure (see solid curve in the
upper portion of Fig. 3). In addition, in the lower portion of Fig. 3, curves are shown
which are obtained on reloading dynamically after initial quasi-static or dynamic deforma-
tion up to g = 0.008 and subsequent unloading. Here the inverse situation is observed,
dynamic tensile loading after initial quasi-static deformation leads to substantially higher
flow stress compared to the dynamic reloading curve after initial dynamic deformation
(see dotted curve). Another important feature of these results is the sharp yield point
that occurs as a result of dynamic reloading after quasi-static deformation (see dynamic
retest-dotted curve). Dynamic and quasi-static strain rates applied in [29] were respect-
ively € =7.5s7! and é = 2.2 x10~7 s~1. In the case of dynamic loading the load-time
function was approximately that of a half-period sine wave lasting almost 1 ms. Con-
sequently the strain rate was not constant during the test and once again a complicated
strain rate history effect was revealed for steel.

The complicated nature of strain rate history effects for high purity iron was demon-
strated by HARDING [30], who performed interrupted tests with annealed specimens loaded
in tension, Fig. 4. Curve 4 was obtained by loading at the strain rate of 10° s~! after
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F1G. 4. Stress-strain curves for high purity annealed iron; 4 — interrupted test, B — constant strain
rate test. Numbers indicate times of deformation in s, after [30], courtesy of The Institute of Physics.
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imposing a small prestrain (g = 0.016) at the quasi-static rate of 10=2 s~!. The result
is compared to curve B obtained at a continuous strain rate of ~10® s~!. This result
is to some extent similar to that of Smith (Fig. 3), however, during dynamic reloading
the upper yield point is not observed. The fact that for both cases a higher dynamic flow
stress is found in the interrupted tests contrasts with the behavior of FCC metals in which
prestrain at the lower strain rate reduces the subsequent flow stress at the higher rate [9].
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FIG. 5. The effect of quasi-static prestrain at & & 1.2x 10~ s~! on the subsequent dynamic deformation
of low carbon steel 0.03% C at ¢ = 4x 10? s=! (top); and the effect of dynamic prestrain at ¢ & 4 x 102
s=! on subsequent quasi-static deformation at € = 1.2x 10~3 s~! (bottom); after [45].

The same behavior was observed for low carbon steel (0.02%, C) in [45], as shown in

Fig. 5. In those interrupted experiments the split Hopkinson pressure bar was used along
with a standard testing machine.

3. Results of early incremental experiments

As mentioned above, the incremental strain rate experiment is probably the most
useful one for studying history effects. The earliest incremental results involving high
strain rates reported for steel are those of NicHoLAs [31]. Tubular specimens of an AISI
1020 steel were tested in torsion using a pneumatically driven piston acting through a lever
arm to apply a dynamic torque; at the other end of the specimen a motor was used to
apply a torque quasi-statically. The maximum shear strain rate attained in these experi-
ments was ¥ = 25 s~!. Nicholas’ results for the dynamic strain rate ¥, = 25 s~! preceded
by a static shear prestrain of p; = 0.02 are shown in Fig. 6, and they are consistent with
those of SmiTH [29] HARDING [30] and TANAKA [45). The upper part of Fig. 6 shows the
stress-strain diagrams for constant shear strain rates, 1073 s=! < ¢ < 25 s71, the lower
part presents the results of the incremental test. It is apparent that with incremental loading
the resulting flow stress is generally higher than in a constant-rate dynamic test. Thus the
results of the incremental test is again consistent with the previously discussed results
of interrupted tests. Thus all of these results for steels show that the flow stress after
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F1G. 6. Results of incremental tests for AISI 1020 steel, the dashed line represents a constant strain rate
test of ~25 s~*!, after [31].

a strain rate increment is higher than would result from deforming only at the dynamic
strain rate,

On the other hand strain rate history effects are not always observed in steels. For
example, incremental stress wave propagation experiments performed on deep-drawing
steel [32], revealed that at low initial tensile strains of the order of 0.01 the rate sensitivity
is high although the strain rate history effect at room temperature is negligible. These
results should be recognized as preliminary since the incremental portion of the stress-
-strain diagram was obtained by an integration of the wave equation. The initial values
of strain were & ~ 3.6x1073 and 7x 10~ and the initial strain rate & =~ 103 s77%,
the average dynamic strain rate was &, ~ 1.4x10% s,

An experimental study of room temperature rate sensitivity of AISI type 304 stainless
steel subjected to cyclic loading in the strain rate region of 1075 s~! < £ € 1073 s7!
revealed no strain rate history effect [33].

With reference to other BCC metals, CAMPBELL [1] and BriGGs and CAMPBELL [22]
reported results of incremental tests on annealed polycrystalline molybdenum and niobium.
Tests were performed in compression in either one of two machines depending on the
desired strain rate region. In either case the strain rate change was from a lower to higher
strdin rate, and the change was imposed after an accumulation of a strain g =~ 0.08. By
means of a standard testing machine, strain rates were attained ranging from 1.7 x 107#
s™! to 8.3x1073 s~!; a hydraulically operated machine provided strain rates from
8.5x 1073 s~ to 10% s~ !, The results for molybdenum and niobium are shown respectively
in Figs. 7 and 8. The incremental results were compared with those of tests conducted

3 Arch. Mech. Stos. nr 4/82
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at constant strain rates to show that the flow stress in both materials depends on strain
rate history. Furthermore, as it is seen in Figs. 7 and 8, significantly different results are
obtained within each of the two strain rate ranges and depending on the deformation
rate history. These differences vary in a complex manner with the initial and final strain
rate. For molybdenum (Fig. 7) a strain rate change from & = 0.51 s~* to & = 5.5 57!
produces a result qualitatively similar to that shown for steel (Figs. 3, 4 and 5). But in
the lower strain rate region a strain rate change from & = 1.7x10"%s 'to & = 8.3x 1073
exhibits the opposite result: the incremental portion of the stress-strain diagram is lower
than that obtained at the entirely constant strain rate ¢ = 8.3x 1073 s~1. A similar result
was obtained from incremental strain rate experiments within the same ranges of strain
rate for niobium (Fig. 8).

4. Results of incremental tests with large jumps in strain rate

During the last decade considerable improvements have been achieved in the experi-
mental techniques used to test metals under dynamic conditions. These have led to more
reliable results especially in incremental type experiments in the high strain rate region.
The experimental method most commonly used for this purpose is probably the split-
-Hopkinson bar modified for torsional loading [10, 34]. This apparatus employs a thin
tubular specimen loaded in torsion and subjected to a strain rate increment typically of
six orders of magnitude at relatively large strains and over a wide range of temperatures.

This technique was first successfully used to demonstrate strain rate history effects at
room temperature for FCC metals, including aluminum [10], copper [7, 8, 35], and lead
[36]. Incremental tests at various temperatures using the modified torsional Hopkinson
bar have been reported for copper [7] and [8]. HCP metals were also tested at different
temperatures using this technique: magnesium and zinc [7], titanium [8].

A systematic study of strain rate history effects using large jumps in strain rate
was performed by Campbell and associates [8, 37]. The increments in strain rate were
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F1G. 9. Results of constant and incremental strain rate tests on AISI 1020 hot rolled steel at 83 K.
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imposed at shear strains y; equal successively to 0.08; 0.20, and 0.34, with an initial strain
rate y; = 6x1073 5! and a dynamic rate y, = 1.2x10® s~*. Specimens were tested at
six nominal temperatures ranging from 123 K to 673 K.

The same experimental technique was used by WILSON et al. [38] to perform incre-
mental strain rate tests at room temperature on two low carbon steels, AISI 1020 hot
rolled and AISI 1018 cold rolled steel. The purpose of the investigation was to determine
the influence of strain rate and strain rate history on steels of nearly identical composition
but of quite different forming histories. Strain rate history effects in both steels, as measured
at the ambient temperature, appear to be small in this case.

These results show that the effects of strain rate history in polycrystalline BCC metals
are still not well known. This situation is due in large measure to the limited amount of
systematic experimental data, especially over a fairly extended temperature range.
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F1G. 10. Results of constant and incremental strain rate tests on AISI 1020 hot rolled steel at 116 K.
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F1G. 11. Results of constant and incremental strain rate tests on AISI 1020 hot rolled steel at 144 K.
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Recently a series of experiments was performed on specimens of AISI 1020 hot rolled
steel (HRS), with composition 0.25% C; 0.50% Mn; 0.017% P; 0.029% S using the torsion-
al split Hopkinson bar [39]. Stress-strain curves at a quasi-static shear strain rate y; ~
~ 5% 10~* s~1, a dynamic strain rate p, ~ 10% s~!, and those resulting from incremental
strain rate tests between these two strain rates were obtained at twelve temperatures
ranging from 83 K to 394 K. The strain rate increments were imposed at initial shear
strains y;, ranging from 0.02 to 0.10. Representative results for five temperatures (83 K,
116 K, 144 K, 294 K and 394 K) are shown in Figs. 9-13. As expected, and as made
evident from the constant strain rate test, the strain rate has a significant effect on the
flow stress of 1020 HRS at all temperatures. However, the stress-strain curves obtained
in some of the incremental experiments show that the flow stress after the increment in
strain rate is higher than the flow stress level obtained at the entirely constant high strain
rate for the same strain. This effect is substantial at the lowest temperature tested, 83 K,
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F1G. 12. Results of constant and incremental strain rate tests on AISI 1020 hot rolled steel at 294 K — RT.
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Fi16. 13. Results of constant and incremental strain rate tests on AISI 1020 hot rolled steel at 394 K.
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less pronounced at 116 K and is almost invisible at 144 K. But at 394 K the incremental
portion of the stress-strain curves show some transients especially at the two highest
initial strains, y; &~ 0.05 and 9; ~ 0.10. In addition, the quasi-static and dynamic stress-
-strain curves obtained at constant strain rates converge at increasing strains. These results
are shown in Fig. 13. It is expected that at this temperature dynamic strain ageing starts
to become important.

Strain rate history effects within the dynamic strain ageing region were observed in
mild steel (0.125% C; 1.15% Mn; 0.37% P) by ELEICHE and CAMPBELL [8]. Their results
for 293 K, 473 K and 673 K are shown in Figs. 14-16. The room temperature results
show a well-pronounced strain rate history effect at larger strains, y; from 0.085 to 0.345
(Fig. 14); the black points mark the beginning of yielding during incremental loading.
The results for 473 K and 673 K (Figs. 15 and 16) at a low strain rate show the occurrence
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F1G. 14. Test results for mild steel (0.125% C; 1.15% Mn) at 293 K — RT, after [8].
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F1G. 15. Test results for mild steel (0.125% C; 1.15% Mn) at 473 K, after [8].
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F1G. 16. Test results for mild steel (0.125); C; 1.15%, Mn) at 673 K, after [8].

of dynamic strain ageing. At 473 K the stress-strain curve obtained at a strain rate of
6x10~2 s~ shows serrations. Constant strain rate tests at 1.6 x 103 s~! exhibit a negative
rate sensitivity at both temperatures. For incremental experiments performed at relatively
large values of y; a significant drop in stress was observed at the beginning of yielding.
The work hardening rate in the incremental portions of the stress-strain diagrams is sub-
stantially lower than that resulting from quasi-static or dynamic deformation at constant
strain rates. There is no indication of a negative strain rate sensitivity for the initial por-
tions of the incremental tests.

Thus it appears from the above that for small values of prestrain, i.e. up to y; ~ 0.20,
strain rate history effects for mild steel are most important in only two temperature regions:
for temperatures lower than ~150 K, and for the dynamic strain ageing temperature
region (500+ 100 K). At temperatures from 150 K to 350 K strain rate history effects
for ferritic steels, although still present, are of less importance. Results are different for
pre-strains greater than y; ~ 0.20: as pointed out by ELeicHE and CAMPBELL [8], (see
Fig. 14), strain rate history effects in this range of initial strains may be substantial even
at intermediate temperatures.

These experimental results obtained from both interrupted and incremental tests
demonstrate the very important role of strain rate history effects in the deformation of
BCC polycrystalline metals with special emphasis on low as well as on the dynamic strain
ageing temperature ranges. It is also evident that substantial differences in response exist
between BCC and FCC polycrystalline metals.

5. Discussion and conclusions

The experimental results presented above reveal the complicated nature of plastic
yielding and flow in BCC metals. There can be no doubt that strain rate history and tem-
perature history effects are observed not only in ferritic steels but also in polycrystalline
iron, molybdenum and niobium. A more systematic study of these effects for mild steel
leads to the conclusion that strain rate history effects are of great importance within the
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low temperature region, T < 120 K, as well as within the strain ageing region, 350 K <
< T < 750 K. At temperatures from the ambient and down to ~ 150 K, strain rate his-
tory effects are much less pronounced. However, even at room temperature strain rate
history effects were observed at strains exceeding ~0.15 (Fig. 14).

A comparison of strain rate history effects as measured in interrupted tests with
more recent results obtained based in incremental tests seems to indicate that the unload-
ing and reloading process is of little significance to the final result.

Incremental experiments involving a large jump in strain rate provide evidence that
strain rate history effects are significantly different in polycrystalline FCC and HCP metals
on the one hand and polycrystalline BCC metals on the other [5, 7, 9]. Behavior typical
of BCC and FCC metals is shown in Fig. 17, although in the case of BCC metals the re-

T4

il |

2 Fce

—l

4

F1G. 17. Schematic representation of strain rate history effects for BCC and FCC polycrystalline metals;
1-2-3 incremental test with initial strain rate y, = v,; 4-5-6 incremental test with p; = 9, 4-5-6-7 in-
terrupted test (BCC), y — initial strain.

sults apply only to temperatures lower than the ambient. Both pictures are quite consistent,
but a physical explanation of these effects in the BCC case is more complicated and will
require more attention in the future. The observed behavior for BCC and FCC metals
is consistent with so-called temperature history effects. Temperature history effects
for FCC metals have been discussed in more detail elsewhere [9, 42]. The effect of pre-
strain at room temperature on the low-temperature plastic properties of low carbon steel
was reported by LINDLEY [44]. These results for 0.05% C steel are shown in Fig. 18. The
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F1G. 18. The effect of prestrain at 293 K on the subsequent deformation of low carbon steel 0.05%; C at
153 K (top) and 103 K (bottom); for all cases strain rate is the same ¢ = 1.3x10~* s~!, x — cleavage
fracture; after [44].

results of interrupted temperature tests at 153 K show that the strain hardening rate is
almost the same as for the entirely constant temperature test at 153 K, i.e. the complete
set of stress-strain diagrams is almost parallel. This cannot be expected to hold generally
in incremental strain rate experiments when ; < 9,, mainly due to the fact that deforma-
tion in the first portion of such tests occurs isothermally, and in the second — adiabatic,
whereas during exclusively dynamic deformation the process is entirely adiabatic. This
effect should lead to the convergence of all dynamic stress-strain curves but not of quasi-
-static curves after dynamic prestraining. Such an effect was observed for low carbon
steel (0.02% C) in [45] and is shown in Fig. 5. The estimate of thermal softening effects
in the low temperature region (~100 K) shows that this is not the only factor causing
strain rate history effects in steels [40, 41]. Other contributing factors involve the struc-
tural changes accompanying plastic deformation at a particular strain rate or temperature.
For instance, at ambient temperatures and slow straining an additional hardening occurs
associated with a dynamic strain ageing effect. However, it seems unlikely that such
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a mechanism occurs at temperatures lower than room temperature where strain rate
history effects are intensified. For example, temperature history effects persisted at 293 K
when the prestrain was carried out not at the initial strain rate 1.3 x 10~# s~! but at a rate
ten times higher, &8 = 1.3x 1073 s~!, [44].

Another possibility, suggested by microscopic observations [44], concentrates on
microstructural changes during plastic deformation. It has been observed that for 0.05%,
C steel prior deformation at the ambient temperature inhibits general twinning on resump-
tion of straining at low temperatures (~100 K). Thus, for a given initial strain at room
temperature, a subsequent straining at low temperatures introduces a higher back stress
resulting in a higher flow stress as compared to an entirely low temperature test. In addi-
tion, single-grain microcracks have been found after some plastic deformation at low
temperatures. This was observed in specimens pre-strained at room temperature as well
as strained entirely at a low temperature. Microcracks obviously can increase the ather-
mal back stress level.

Finally, a third possibility lies in expected differences in dislocation multiplication
rates at high and low strain rates or temperatures. The increased strain rate sensitivity
at low temperatures and high strain rates may be attributed to the activation of more
dislocation sources at higher strain rates with less activity (a smaller average displacement)
per source than at lower rates. This effect leads to the conclusion that mobile dislocation
density begins to be stress-dependent, and the strain rate increment is not only a function
of dislocation velocity, which is stress dependent, but also a stress dependent function
of the mobile dislocation density. Thus differentiation of the Orowan equation (1) (see
for example [43]) leads to a more general result:

(l) 5’ == mebi;(r! T),
@ & = b [17(:, T)(%)Td'r+g,.(r, T)(—j-;)rdr],

where V is an average dislocation velocity, g, is the density of mobile dislocations, and
¥ is an orientation factor, usually y ~ 1. At very high strain rates and low temperatures
the dislocation velocity is relatively high and cannot accommodate itself to the imposed
high stress. Consequently the first term in Eq. (2) should be dominating. In addition,
in the high strain rate region, y ~ 5x 103 s~!, viscous resistance to dislocation motion
becomes more important [20].

The idea that during high strain rate deformation at low temperatures more disloca-
tion sources are generated serves to explain to some extent the result of interrupted tests
for BCC metals shown schematically in Fig. 17, i.e. the straining history 4-5-6-7. In this
case the flow stress after deformation at a high strain rate is lower than that obtained
by straining entirely at the low strain rate, see Figs. 1, 2, 3 and 5. This implies that many
dislocation sources already existing in the material due to the initial deformation at a high
strain rate, for example as shown in [45], can be activated at a lower stress during addi-
tional straining at a low strain rate. This point of view is supported by the results of
metallographic examinations reported in [27], which show that during loading at a strain
rate of & & 5x 102 s~ deformation of medium carbon steel at room temperature occurs
by fine slip, but that during slower straining at & ~ 1072 s™! the slip bands are coarser.
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Strain rate history effects observed within the dynamic strain ageing region result
from the fact that the flow stress is governed not only by the strain rate but also by time
itself. The explicit time dependence of flow stress is a manifestation of diffusion processes
which interact with a moving dislocation [46]. Serrated yielding observed at lower strain
rates in steels takes place when carbon or nitrogen atoms can diffuse fast enough to allow
strain ageing to take place during plastic deformation. During this process an increased
production of dislocations is observed [46]. Thus strain ageing should be dominant during
slow deformation but will have limited influence during dynamic deformation, causing
a substantial strain rate history effect, Figs. 15 and 16.

To conclude, strain rate history effects and perhaps temperature history effects domi-
nate in the case of ferritic steels within two temperature regions: the low temperature
domain <150 K, and the strain ageing temperature domain, 500 K + 150 K. The physical
nature of deformation history is different in each of these regions. The discovery of strain
rate history effects at low temperatures is new and will require more attention in the
future.
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