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EXPERIMENTS ON PLASTIC DEFORMATION
AT FINITE STRAINS

S. S. Hecker, M. G. Stout, and D. T. Eash
Los Alamos National Laboratory

ABSTRACT

The strain hardening behavior of metals at large plastic
strains is difficult to assess experimentally. Consequently, many
different techniques have been used to study such behavior and no
clear experimental picture has evolved. In this paper we review
experiments on finite plastic deformation with emphasis on work
reported since the comprehensive review of Gil Sevillano, van
Houtte, and Aernoudt ([1]. We are concerned primarily with the
macroscopic strain hardening behavior, but discuss its dependence on
crystal structure, purity, alloying, miciostructure, stacking fault
energy, grain size, and deformation mode.

1. INTRODUCTION

The strain hardening behavior of materials is very important in
structural response, metal working processes, and, particularly, in
plastic instability problems. In metal working and instability
analyses a proper deccription of strain hardening at large plastic
strains is imperative. Unfortunately, such descriptions are typ-
ically inferved from uniaxial tensile tests, which are restricted to
modest strains (typically <0.5) by plastic instability. Such data
are not only inadequate, but often wmisleading. All other test
techniques capable of achieving ilarger strains suffer from experi-
mental difficulties or questionable interpretation. Although a

considerable literature has been accumulated for strain hardening of



metals at strains >0.5, no clear picture exists. Large strain
deformation has recently been reviewed in an exhaustive treatise by
Gil Sevillano, van Houtte and Aernoudt (GVA) [1]. However, since
the completion of this treatise a significant amount of new work,
including unpublished work by the current authors, has been
conducted. We wiil review the recent work and place it in
pérspective with previous studies in an attempt to present a current
understanding of strain hardening at large plastic strains.
2.  BACKGROUND

A most basic question we will examine is whether metals
deformed at sufiiciently low temperature reach a steady state at
large strains and exhibit a saturation flow stress (zero strain
bardening). Some early experiments and more recent theoretical
analysis by Kocks [2] suggest that face-centered cubic (fcc) metals
and alloys should exhibit saturation. More recent experiuwents
summarized by GVA (1] nave demonstrated that saturation is
definitely not a universal phenomenon. Mecking and Grinberz (3]
point out that although steady state behavior should be expected if
the evolution of substructure is controlled only by undisturbed
dislocation interactions, there are many potential disturbing
influences that muy appear at large strains. These include i) grain
size effects, ii) deformation bands, 1ii) surface effects, 1v)
stress-induced transformations (twinning or martensite), v) changing
deformation mode, vi) deformational inmstabilities such as sheor
bands, vii) texture development, and viii) second-phase particles.
Mecking and Grinberg [3] conclude that a unified theoretical modcl
cannot successfully incorporate the influence of all of these

factors on strain hardening necessitatiug experimentation for an



accurate assessment of strain hardening behavior.

From a phenomenological point of view, saturation is assumed in
Voce's strain bhardening law [4,5] and in the Hockett-Sherby
modification [6] as shown in Table I. More simple laws commonly
used ia plastic analyses predict continued hardening. Kocks [2] has
provided a theoretical basis for saturation and derived a strain

hardeaing law similar to the form proposed by Voce.
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TABLE I. GStress-sc.rain relations based on empirical (phenomeno-
logical) and theoretical {Kocks) conciderations. The Voce and Kocks
relations predict saturation,

The evolu.ion of texture and substructure is a topic worthy of
scudy in its own right. It obviously bolds the key to an eventual
understanding of strain hardening at large strain. A large amount
of information exists on texture developnent. Tuis subject 1is

adequately covered by GVA [1] and will not be discussed in any

detall here. In contrast, substructural studies are not commoun.



Only in the last few years have transmission electron microscopy
studies of through-thickness (or edge-on) sections of heavily
deformed metals been conducted. Most of this work has been done on
copper and copper alloys [7-17]. A clear understanding of
microstructural mechanisms has yet to emerge.

3. REVIEwW OF EXPERIMENTAL TECHNIQUES

A great harrier to achieving a better understanding of large
strain deformation is the difficulity of conducting decisive
experiments. Large-strain experiments are plagued by large changes
in specimen geometry and a variety of instabilities, which terminate
experiments prematurely. Ideally, strain hardening should be calcu-
lated directly from a test that can be run continuously (without in-
terruption) on a uniformly loaded specimen. The stress should be
calculated directly from the measured loads and the strains measured
directly from the deforming specimen. Table II lists a number of
direct and indirect tests and describes their limitations.

Uniaxial tension is restricted to small strains by plastic in-
stubility (necking). Few metals can stretch more than 50% before
necking. Early attempts co remachine specimens to rzmove the neck
have not becaome popular. With the advent of clesed-luop testing ma-
chines it has become wuore popular to use a diametral extensometer at
the neck and control the tensile test with diametral strain. Area
and triaxiality corrections are then used to recoustruct a nniaxial
tensile curve [18,19]. This method involves a number of assumptions
and has yet to be proven. Uuiaxial compression 1is limited by
barreling and end effects from the platen. To achieve a true
uniaxial stress state excellenl lubrication and a length/diameter

ratio of ~1.6 are required. Large changes in geometry require



Test Technique Strain Limits Comments

Direct Tests
Uniaxial Tension <D.5 Plastic Instahility
1 to 1.5 Necking Correction

Biaxial Tension

(Hydraulic Bulge) <0.8 Plastic Instability
(Tube Testing) <0.4 Plastic Instability
Compression <0.7 Barrelling
3 to & Remachining
Torsion
Thin-walled tubes <0.2 Buckling
2 to 5 Very Short Tubes
Round Solid Bars 2 to 5 Limited by Ductility

Indirect Tests

Wire Draving + Tension 10
Strip Drawing + Tension 4
Rolling + Tension 7

+ Plane Strain Compression 7

Table II. Large strain test techniques and their limitations.

remachining, which has been practiced much more extemsively in
compression than in tension. It obviously requires startiug with a
very large specimen. We will prescnt some data of interrupted
compression tests to scrain levels of ~=4.

Biaxial tension experiments on sheet material are able to
produce effective strain levels approximately twice those attainable
in uniaxial tension. The added stability under biaxial tension has
been discussed by a number of authors [20-23). Hydraulic bulging
offers the Dbest experimental technique for stress-strain
measurements of sheet specimens. Unfortunately, there 1is

considerable controversy over the potential errors introduced by



small bulge diaweters, biaxial extensometers, and varying strain
rates during bulging [24,25]. A much more accurate and versatile
technique for Dbiaxial tension is the axial loading/internal
pressurization of thin-walled cubes. However, geometric
instabilities limit the strain levels to values even lower than
those attainable in uniaxial tension [26]. Combined axial/torsion
loading of thin-walled tubes suffers from torsional buckling in all
but very short tubes, in which end effects may influence stress
uniformity.

Torsional deformation c<ffers the best hope for large-strain
experiments because it is .iccompanied by very small geometry
changes. However, torsion 1lso suffers from several important
restrictions. Experimentally, specimens elongate during torsion and
care must be exercised not to restrain their length. Torsion of
solid rods also produces an inherently non-uniform stress state,
varying frowm zero at the axis to a maximum at the surtace. There
has been considerable discussion over the years about how to
properly convert a measured torque-angle curve to an effective
stress-effective strain curve ([27-29]. This makes much c¢f the
torsional data in the literature inconsistent because of the
different methods of analysis employed. Most recently Cauova et al.
[30] have daveloped a technique using several specimens of slightly
different dlameters to establish an accurate stress-stcain curve.
The torque-angle conversion to stress-stiain 1is simpler for
thin-walled tubes, but torsiomal buckling limits the strain levels
attainable. Apparently some large strain tests have been conducted

successfully on very short tubes [31] without aaverse end eifects.



Most of the large-strain information available in the
literature was obtained by one of the indirect tests listed in Table
II. These tests are conducted by imparting large prestrains in a
deformation mode relatively insersitive to plastic instability (such
as wire drawing or sheet rolling) and then testing the prestrained
material in uniaxial tension to establich its flow stress level. A
series of such prestraihs and tensile tests can define a
stress-strain curve as shown for cur rolling + tension experiments
on 1100 aluminum in Fig. 1. Because sheet rolling approximates a
state of plsne strain it 1is necessary to adjust the rolling
prestrain to an effective strain. We used the von Mises effective
strain criterion which gives the correction of €o = 1.155 x ¢

ff

where € is the thickness strain during rolling. Similar curves can

tl

be constructed for wire and strip drawing. For the case of wire

drawicg the reduction in area equals the effective strain. Although
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Fig. 1. Construction of a flow stress curve from rolling
prestrain followed by uniaxial tension (R+T). The
thicknesa reduction is converted to a von Mises
effective gtrain.



very large strains have been achieved by these techniques (up to 7
in rolling + tension and 10 in wire drawing + tension), these
techniques have some obvious drawbacks. The tests are not direct;
deformation is incurred under one stress state and the flow stress
measured under another. Tests are also interrupted aad, in many
cases, require remachining of specimens. effective strain
criterion must be assumed for proper comparison and in some cases
the deformation 2zone geometry may change during the very large
prestrains. The heavily constrained dJeformation also affects the
development of crystallographic texture. Nevertheless, these tests
have been used extensively and they provide at least an approximate
measure of hardening at large strains.

4. MACROSCOPIC HARDENING BEHAVIOR

4.1. Face-centered Cubic Metals and Alloys

4.1.1. Aluminum and Aluminum Alloys

The hardening behavior of aluminum of different purity levels
has been studied extensively. In our laboratory we have deformed
commercially-pure aluminum (1100-0) by different techniques. A
comparison of flow behavior for tension, compression, and rolling +
tension (R+T) is shown in Fig. 2. The compression tests were
conducted by Armstrong et al. [33] by repeatedly remachining a large
cylinder. The R+T experiments were conducted by the technique
described in Section 3. It is quite apparent that hardening for
1100 alumiaum continues to very large strains without any sign of
saturation. The flow curve for R+T is described accurately by the
parabolic expression 0 = 155 60'27 (MPa). The hardening rate in

compression appears somewhat lower at large strains, but these data

showed considerable scatter.
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Fig. 2. Comparison of stress-strain curves as determined
by tension, rolling + tension, and compression of
1100 aluminum. (References 32 and 33).

LeFevre and coworkers {34,35] measured the flow behavior of a
variety of aluminums of different purities using the technique of
wire drawing + tension (WD+T). Their results ave illutrated in Fig.
3 and comparcd to our 1100 alumiaum data. They show that hardening
depends dramatically on purity (or alloying). The high-purity
(99.98 AL) aluminum and A£2-0.6% Fe alloy show definite signs of
saturation. The flow behavior as measured by WD+T and R+T of
aluminum alloys with greater amounts of alloying elements are shown
in Fig. 4. For A2-4% Cu alloys [14] the effects of heat treatment
on hardening are significant. The roles of deformation mode and
alloy content and purity are further illustrated in Fig. 5. These
results will be cdiscussed in detail beiow. However, it is quite
clear that aluminum of high purity or certain alloy compositions

tends towards saturation, regardless of deformation mode.
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(References 14, 35, 36, 38).
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Fig. 5. Comparison of stress-striin curves of aluminum and
alloys for different deformation modes. (References
32, 33, 34, 36, 38. 39).

4.1.2. Corper

The large-strain flow behavior of copper for a variety of
purities and a number of deformation modes is shown in Fig. 6.
Again a tendency towards saturaton for high-purity copper 1is
evident. Only the low-purity ETP copper and phosphorus-deoxidized
copper exhibit distinct, continued hardening. The two curves
plotted for the data of Cairns et al. [43] represent their and ovur
interpretation of their data. The highest purity (99.999% Cu)
copper of Truckner and Mikkola [44] saturates at a very low stress
level at a low strain.

4.1.3. Other Facc-centered Cubic Matals and Alloys

The flow curves for commercial-purity silver, gold, and nickel

are shown in Fig. 7 and compared to commercial purity aluminum and
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coppe.. All exhibit continuous hardening. The flow curve for
silver exLibits a distinct decrease in hardening whereas that for
nickel shows a plateau of low haridening rate followed by a very high
bhardening rate at large straims.

Very few data exist on fcc alloys deformed to strains greater
than 2. Hence, the question of strain hardening in frc alloys
remains largely unresolved. Hardening of a brass (typically 79%
Cu-30% Zn) appears to continue to large plastic strains, although at
a reduced rate from that at smaller strains (Fig. 8). The
observation of a auch reduced hardening rate in plane-stvain tension
compared to uniaxial teamsion (Gh. “ [50]) appears valid. The

plane-strain tension curve cof Ghosh virtually coincides with torsion
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Fig. 8. Stress-strain curves for 70-3C trass for different
deformation wmodes. There .ppecars to be a distinct
difference in hardening between axisymmetric (1l and 5)
and plene-strain deformation (#2-4 and 6). (References
1, 47-50).



and R+T curves. There is also little evidence for saturation for
other copper alloys at large strains (Fig. 9).

Hardening curves for two auslenitic stainless steels are shown
in Fig. 10. These curves cannot be compared directly because the
curve for 20% Cr-26% Ni stainless steel is estimated from hardness
measurements. Such extrapolation may give erroneous stress levels
and hardening rates. Nevertheless, neither grade of stainless sﬁeel
exhibits saturation. Tue initial hardening rate (up to a strain
level of 0.5) for grade 302 is very high because this grade is
unstable and transforms from fcc Yy to bcc o during deformation. The
hardening rate romains quite high to the largest strains measured
although the transformation to @ martensite saturates.

4.2 Body-centered Cubic Metals and Alloys

Most of the available literature on bcc metals and alloys was
summarized by G7A [1]. We will present only the highlights here.
Perhaps the most dramatic of the bcc results are shown in Fig. 11.
Young et al. [53) demonstrated the remarrable difference in
hardening behavior of titanium-gettered iron (Fe=0.17% Ti) tested in
torsinn compared to WD+T. Hardening in torsion (solid cod data
converted on the basis of tane von Mises criterion) saturates,
whereas hardening in WN+T is linear (c=Ke) at large strains. More
recent studies by Razavi and Langford (54]) confirm the importance of
detormation onode. As shown in Fig. 12, the hardening curve for
strip drawing followed bv tension (SD+T) starts et higher flow
stress levels than WD+T, but starts to saturate at a strain similar
to the torsion results. These results are similar to those reported
for eutectoid steecls by Aernoudt and Gil Sevillamo [55,56]. GVA (1]

reviewed data on other bcc metals such os niobium, taantalum,
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Stress-strain curves for various copper alloys.

(References 37, 47, 51, 52).
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Stress-gtrain curves for two austenitic stainless
steels. The curve for the 20 Cr-26 Ni stcel is
egtimated from hardness measurcments. (Refcerounces
1 and 10).
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(Reference - 53).
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tungsten, and chromium (the latter two at elevated temperatures).
In all cases hardening in WD+T or R+T persists to large strains,
regardless of purity. In most cases hardening at large strains is
linear. |

The effects of inteistitial and substitutional alloying levels
are shown in Figs. 13 and 14. Both affect the flow stress level,
but not the hardening rate. Large increases in carbon levels in
plain-carbon steels (Fig. 15) increase both the flow stress and
hardening rates. The hardening rate actually increases with
increasing strain (upward inflection in Fig. 15) for largely
pearlitic steels. The presence of second-phase particles such as
inclusions in some steels can cause a dramatic increase in hardening
rate as shown by Aghan and Nutting ([15,16] for low-carbon steels
with sulfur or lead additions (Fig. 16).

4.3 Hexagonal and Other Crystal Structures

Biswas, Cohen, and Breedis [62) showed that bex;gonal
close packed (hcp) o titanium hardens linearly at lerge strains in
WD+T. The hardening rate increases substantially with increasing
interstitial content. Substitutional elements in the a structure
appear to have minor effects. Increased purity (iodide Ti) leads to
a4 lcwer hardening rate, but not to saturation. Xecent experiments
by Dlicharski, Nourbakhsh, and Nutting [13] on ccmmercially-pure
titanium using rolling followed by  hardness measurements
demonstrated very low hardening at large strains. This may be a
result of differences in deformation mode. Zirconium deformed by
R+1, also favors low hardening rates at large strains [61].

Very little information exists on metals with other crystal

structures. The data of Hockett and Sherby [6] on compression of
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Fig. 15. Stress-strain curves for a series of plain-carbon
steels with different carbon levels. (Reference 59).
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orthorhombic o« uranium deserves mention because of the enormously
high hardening rate. The .hardening behavior of o wuranium is
compared with some typical fcc, bcc, and hcp metals in Fig. 17.
5. DISCUSSION

5.1. Face~centered Cubic Metals and Alloys

5.1.1. Purity

In unalloyed fcc metals purity appears t¢ 1ave an overriding
effect on flow stress and hardening rate at low temperatures. We
find that regardless of deformation mode, high purity leads to
saturation for aluminum and copper. This is illustrated in Figs. 3,
4, and 6. It indicates that dislocation multiplication and
annihilation processes contrcl hardening at all strain levels. At
large strains the two processes balance each other and a steady
state is rzached. Other processes such as twinning, shear banding,
or texture hacrdening apparently do not intervenc to any significant
extent.

Iu contrast to high-purity metals, commercial-purity fcc metals
do not exhi*it saturation as demonstrated in Fig. 7. Although the
hardening rates for aluminum, gold, and siiver are small at large
strains, they are definitely positive. The strong role of minor im-
purities or alloying elements is demonstrated <onvincingly fo-
alupinum in Fig. 3. No acceptable microstructural explanation
exists for the strong role of minor elements. In wire-drawn
aluminum Varma and LeFevre [33] showed that there is no simple
relationship between minor elements, substructural size, and flow
stress. They observed that elements in solution (typically Mg, Si,
Zn, and small amounts of Fe) tend to increase dislocation density

and decrease cell size for a given amount of reduction. At large
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strains the dcgree c¢f recovery and the interrelationship between
cell size, cell boundary character, aad dislocation density 1is
affected [33].

In rolled alumipum the substructures are not well documented.
Typically only the cell dimensions in the sheet surface are =xamined
at large strains and it is not known if the transverse cell
d'mensions reach a limiting value. We are currently studying the
through-thicknesz cross sections of the 1100 aluminum specimens for
which hardening data are shown in Fig. 3.

Moreover, there is considerable doubt that the flow stress is
related only to substructural size (or a mean free path). Obstacle
strength as manifested by the type of substructural boundaries is
also important. Truckner and Milkkola [44] showed that the flow

stress in cold-rolled, high-purity copper can be related much more



convincingly to the rms (root mean square) microstrain (which is
related to the level of nonuniform strain associated with the
dislocation substructure) than tc mean free path. The strain
softening shown in Fig. 6 corresponds to a decrease in rms
microstrain whereas the cell size remains constant.

5.1.2. Alloying and Microstructure

Elements not soluble in the fcc metals can have dramatic
effects on hardening. This is demonstrated by the flow curve fou
A-0.6% Fe in Fig. 3. The equilibrium solubility of irom in
aluminum at room temperature is <0.006 per-eant. Hence, iron 1is
present as small precipitates of TFeAl

or FeAZ, [63]. These

3 6
precipitates tend to nucleate and stabilize cell boundaiies during
deformation and recovery (34]. The initial hardening 1is rapid
because dislocation deusity around the particles is very high and
the cell size is restricted by the particle dispersion. At strains
>1 there is extensive recovery while cell refinement continues, but
with no change in dislocation density. As seen in Fig. 3 the flow
stress has saturated. At large strains there is evidence of dynamic
recrystallization; the cells grow and the flow stress drops [34].

Lloyd and Kenny [36] determined the strain hardening response
of an A£-6% Ni alloy. The addition of nickel results in a very fine
dispersion of A£3Ni which restricts the grain size duving annealing.
This fine dispersicn of precipitates causes very rapid iunitial hard-
ening followed by saturation and work softening. The role of these
precipitates at large strains is not <lear. They appear to restrict
substructural refinement and result in very clean subgrain boundary

formation. Figure 5 illustrates that both torsion and wire drawing

deformation modes cause saturation.



The alloys in Fig. 3 containing more elements than just iron or
nickel (Ag-Fe-Mg. AL-Fe-Si, and 1100 AL) also form precipitates.
However, thesez 2are principally large inclusions (A£-Fe-Si) wita
large interparticle spacings. These inclusions have little effect
on hardening brcause the substructure is rapidly refined to a size
less than the interparticle spacing.

The AL-5% Mg alloy in Fig. &4 shows continuous hardening, much
like the Af£-0.2% Mg alloy in Fig. 3. The additiondal magaesium in
solution, however, raises the flow stress level by & factor of
three. The results of Nourbakhsh and Nutting [14] on A2-4% Cu (Fig.
4) demonstrate the importance of heat treatment and microstructure.
Alloys of AfL-4% Cu were heat treated to three different microstruc-
tures: to produce 1) a supersaturated solid solution of Cu in Al
(Curve 1), 2) GP zones (Curve 2), and 3) 6' precipitates (Curve 3).
The hardening of the supersaturated solid solution couatinues at all
strain levels, similar to Af-5% Mg. The alluy with GP zones showed
initial hardening to a much kigher flow stress because of the GP
zones contribution. However, at larger strains the GP zones were
disrupted and the extra hardening increment lost. Hence, the flow
stress actually leveled off and approached that of the
suocrsaturated alloy at large strains. The disruption of GP =zones
resulted in a decrease in hardening rate. The alloy with 6'
precipitates work hardens very rapidly at very low strains to attain
a flow stress greater than the supersaturated alloy at a strain of
~0.3. However, at this stress level the dislocations cut through
the O' precipitates and the flow stress decreases. Work softening

stops at a stcain of ~1, where most @' precipitates are cut to
p P P



result in a fine dispersion, at which point hardening resumes at a
rate similar to the supersaturated alloy.

5.1.3. Stacking Fault Energy

Copper alloys are the only other allovs that have received
significant attenticn. Ilow curves 1for Cu-Sn, Cu-Cd, Cu-Ni, and
Cu-Zn alloys in Figs. 8 and 9 indicate that hardening predominates
to large strain levels. Several transmission electron microscopy
studies of copper and copper alloys {8,9,11,12] indicate that the
large stra.a defcrmation of medium and low stacking fault energy
(SFE) materials is very complicated. In  cold-rolled copper
microbands (loia. regions of inhomogeneous czformation of unknown
origin) appear below 20% strain, multiply =nd rotate , ana give way
to macro shear bands at 90%. In the lower SFE ailoys, microbands
are followed by profuse twinning and extensive shear banding.
Althcugh shear banding is often associatea with zero work hardening,
the stress-strain cuzves of Figs. 8 and 9 indicatie otherwise. The
role of microstructural deformation mechanisms on the hardening
recsponse of low SFE materials is not understood and presents a chal-
lenging area of study.

Ghosh [50] and Wagoner [64] have demonstrated that for 70-30
brass strain hardening in uniaxial tension is considerably greater
than in plane-strain tension at strain levels >0.2. Their test
techniques limit the strain levels to <0.6. Figure 8 shows that the
plane-strain curve of Ghosh is in good agreement with the rolling +

tension curve [49] and torsion curve [1]. W

speculate that at
large strains, plane-strain favors more extensive twinning and shear
bauding which may lead to a lower hardening rate. The universality

of this hypothesis for all low SFE materials nceds to be determined.



One final comment on the role of SFE on hardening. It is well
established that SFE is very important 1in controlling strain
hardening at small strains (in the range of a tenmsile test). Low
SFE leads to planar slip and high strain bhardening. This is
indicated in Fig. 18 by n-values as detcrmined from uniaxial tensile
tests (€<0.5). However, hardening at very large strains (€™5) as
expressed by 6=(do/de) shows no simple correspondence with SFE. In
fact, for Ag, Au, Cu, and Ni, there appears to be an inverse
relationship compared with the small strain case. Moreover, as
pointed out above, the hardening rates may decrease to zero for high
purity metals. A much better understandiag of substructaral
evolution and its effect on strain hardening at large strains is
required. Additionally, the development of crystallographic texture
for different deformation modes and its influence on hardening must
be considered. GVA (1) present zn extensive review. Much progress
has been made with crystal plasticity models. However, a clear
predictive capability based omn crystal structure, stacking fault
ensrgy, and temperature still does not exist.

5.1.4. Grain Size

The influence of grain size remains much stronger at large
strains thaon expected. This is illustrated in Fig. 19 for Lloyd's
AR-6% Ni alloy [38). Similar, but more limited information, exists
on 70-30 brass and Cu-Si-Mn alloys [1]. One expects the dislocation
suostructure (cells and subgrains) to govern the flow stress after
an initial strain regime where grain size is controlling. The abcve
data suggest that the grain size has a lasting effect on the
evolution of substructure. The precise role of grain boundaries at

large strains is not well understood because they become cobscured
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for transmission microscopy observations at strains >I. It is quite
conceivable, however, that grain boundaries play a dominant role in
hardening at very small and very large strains as pictured

schemi.ically in Fig. 20. At moderate strain levels the formation
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Fig. 20. The potential role of grain and substructure sizes
controlling the flow stress. (Reference l). The
dashed diagonal line represents the imposed decrease
in transverse grain size by the external shupe change
due to rolling. The solid curve for cells and gub-
grains is schematic, but typical for most materials.

of cells and subgrains limit the dislocation mean free nath. It is
well established experimentally that these substructural dimensions
decrecase much less rapidly than the imposed grain wsize chaange.
Hence, it 1is concecivable that grains become the limiting element
1gain at very large strains (particularly in rolling where the
imposed shape change on the through-thickuess grain dimension is
very rapid). The behavior of nickel in Fig. 7 may represent such a

case. To date, no onc hus presented conviucing microscopic evidence



for such a transition. Ino addition to effects on substructure, it
is also conceivable that grain size has an important effect on
texture development [65].

5.1.5. Temperature and Strain Rate

The limited amount of information that exists for the effects
of temperature and strain rate on strain hardeaing at large strains
is summariied by GVA [1]. The data indicate a continuation of
small-strain behavior. Elevated temperature leads to more complete
dynamic recovery and saturation [66]. Increased strain rate results
in more rapid strain hardening [67). Although we compare hardening
of different materials at room temperature in this paper, it must be
recognized that comparison at the same homologous temperature is
most appropriate. Unfortunately few systematic studies of large
strain deformation over a wide range of temperature have been made.

S.1.6. Deformation Mode

For medium and high SFE materials (copper and above) there is
no clear evidence that deformation mode has a significant influence
on strain hardening at large strains. There is insufficient data to
support Canova et al.'s [30]) observations of lower strain hardening
in torsion compared to axisymmetric deformation for fcc metals. For
fcc alloys with SFE less than copper there is little information
about the effect of deformation mode. The data for brass shown in
Fig. 8 suggest lower strain hardening in plane-strain tension than
in axisymmetric tension. For brass Sundberg ct al. [sec Ref. 1]
shonwed that rolling followed by tension produced continuous
hardening, whereas roliing tfollowed by planc-strain compression
produced saturation. It appears that a plane-strain stress state in

low SFE materials favors micro ard macro-shear banding with a



concowmitant reduction in strain hardening. Some definitive
experiments are needed to gain a complete understanding.

5.2. Bodv-centered Cubic Metals and Alloys

Very little information has been generated on bcc metals and
alloys since the review of GVA [1]. We will only briefly summarize
observations on bcc materials. Figure 13 shows some classical
results on high linear hardening obtained in wire drawing plus
tensioa of bcc alloys [57]. Rack, Langford, and Cohen [57,60,68)
have demonstrated that this behavior is typical fcr iron and iron
alloys. The strain hardening rate appears to be .nsensitive to
alloying with interstitial or substitutional solids {57,58]. Young,
Anderson and Sherby [53] showed that hardening in torsion saturates
as dcmonstrated in Fig. 11. Razavi and Langford [54] recently
showed that strip drawing is intermediate between torsion and wire
drawing (Fig. 12). Aghan and Nutting (15) demonstrcted that low
carbon steel exhibits linear hardening during rolling as shown in
Fig. 16.

Obviously, wunlike the fcc metals, the bcc metals are very
sensitive to deformation mode. The explanation for this behavior is
still being contested. Several investigators have attributed the
difference to texture development. Gil Sevillano and Aernmoudt
[55,56] claim that most deformation modes lead to hardeniug and that
torsion represents the unusual casec. They maintain that because of
the texture developed in torsion the slip distauce remains unchan
at moderate strains and at large strains dynamic recovery actually
increases the slip distance. Razavi and Langford [54) relate the
coutinued hardeniug during wire drawing to redundant strain (curliag

of grains) unecessary to maintsin grain continuity. In strip drawing



and torsion, deformation may be accommodated by cooperative
rearrangement.s such as shear banding, leading to a lower hardening
rate. Razavi and Langford [54] suggest thet the decline in
hardening in strip-drawn iron is a result of achieving texftural and
microstructural stability. Young, Anderson, and Sherby [53,69)
explain the difference in hardening between wire drawing and torsion
on the basis of substructure. In wire drawing the cells and
subgrains continue to be refined and the perfection of the walls
increarecs, whereas in torsium their size saturates. They were able
to correlate th¢ flow stress in both cases with the subgrain cize
and, hence, suggest that texture plays only a secondary role.
However, sucbstructural development may well depend on textural
evolution and, hence, texture development may still hold the key to
the dramatic differences in response between fcc aund bec metals and
alloys to different modes of deformation.

The respon' * of multiphase materials to large deformation wan
also reviewed by GVA [1). The work of Embury and Fisher {70] and
Langford [68] on pearlite iws particularly well known. Here we only
want to add the recent results of Aghan and Nutting on high=sulfur
and lead-bearing steels rolled at room temperature. The flow curves
shown in Fig. 16 show a drumatic increase at very large strains. In
the case of the high-sulfur steel the MnS inclusions are more
plawtic than the matrix and, at large strains, a fiber reinforcing
cffect increases the flow stress above that of plain-carbon steel.
In the lead-bearing steel, lead causes the dnS partic'.s to frugment
and less reinforcing effect iy realized. We use these examples to
demonstrate the important role that second-phase particles can play

at large strains without having much influence at small strains.



Very little information exists about the effects of temperature and
strain rate on bcc materials.

5.3. Other Materials

Only a few studies have been conducted on non-cubic metals and
alloys. Biswas, Cohen, and Breedis [62] demonstrated that
wire-drawn titanium and titanium alloys (hexagunal close-packed
crystal structures) exhibit linear hardening at large strains and
found that interstitial elements have a large effect om the
hardening rate, whereas substitutional elements have only a minor
effect. Blicharski, Ncurbakhsh, and Nutting [13] rolled
commercial-purity titanium to strains of ~3. Hardness measurements
showed rapid hardening to a strain of 1, followed by a low hardening
rate (less than most fcc and bcc metals). The accompanying
substructural evolution is complicated. Tﬁinning at small strains
is followed by slip and then by shear banding with increased
deformation. Hoge (61] demunstrated that purity is very important
in zirconium, with high purity tavoring saturation. Hockett and
Sherby [6] reported compression testing result on orthorhombic «
uraniwn. The hardening rote is much higher than any other material.
The flow curve for o uranium is comparcd with those of some fcc,
bee, and hep metals in Fig. 17,
¢.  SUMMARY

1t is apparent f{rom this review that hardening, not ratuvatiocn,
in the common behavior at large strains. The continuous hardening
observed in most materials indicates that the evolution of
substructure is not controlled uimply Ly undisturbed dislocation
interactiony. Other disturbing influences wsuch as  texture
development, shear bande, aund second-phase particles play a major

role. Saturation ius favored in high-purity fcc wetals ov in all fc¢



metals at sufficiently high temperatures where dynamic recovery is
most important and other factors are minimal. In such cases
deformation mode appears to have little influence on the question of
saturation versus hardening.

In low SFE fcc alloys and in hcc metals and alloys, deformation
mode appears important. In low SFE fcc alloys there is some
evidence that plane-strain deformation modes favor low hardening and
saturation. This may be related to their strong tendency to deform
by shear banding. Body-centered cubic metals and alloys exhibit
saturation only in torsion. Hardening in plane -~ strain is
intermediate between torsion and axisymmetric deformation. Texture
development plays an important role in the hardening behavior of bcc
materials.

We attempted to correlate hardening with temperature, crystal
structure, and SFE. Figure 21 shows the normalized hardening rate
at strains >3 as a function of homologous temperature. Deformation
modes were either wire drawing + tension or rolling + tension. We
find no clear tvend with crystal structure or SFE. There is only a
very general trend of increased hardening ot lower homologous
temperatures.

At present there does not exist a good microstructural basis
for deformation at large striins. It represents an arca of great
challenge and opportunity. The recent work of Dillamore and
coworkers ([72-75] on texture development osnd shear banding and the
analytical work of Kocks and Chandra (76,77]) should prove very
stimulating. An underustanding of substructural evolution and how
the wsubstructure helps to accommodate deformation and control the

flow strows iu still requived.
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