
S

N
a

b

a

A
R
R
2
A

K
D
M
E
M

1

b
p
s
d
c
s
p
c
i
f
g
a
c

d
t
w
l
i
a
t
i
t

0
d

Materials Science and Engineering A 507 (2009) 13–21

Contents lists available at ScienceDirect

Materials Science and Engineering A

journa l homepage: www.e lsev ier .com/ locate /msea

train path and work-hardening behavior of brass

.A. Sakharovaa, J.V. Fernandesa, M.F. Vieirab,∗

CEMUC, Department of Mechanical Engineering, University of Coimbra, Rua Luís Reis Santos, Pinhal de Marrocos, 3030-788 Coimbra, Portugal
CEMUC, Department of Metallurgical and Materials Engineering, Faculty of Engineering of the University of Porto, Rua Dr. Roberto Frias, 4200-465 Porto, Portugal

r t i c l e i n f o

rticle history:
eceived 13 May 2008
eceived in revised form
0 November 2008
ccepted 4 January 2009

a b s t r a c t

Plastic straining in metal forming usually includes changes of strain path, which are frequently not taken
into account in the analysis of forming processes. Moreover, strain path change can significantly affect
the mechanical behavior and microstructural evolution of the material. For this reason, a combination
of several simple loading test sequences is an effective way to investigate the dislocation microstructure
of sheet metals under such forming conditions. Pure tension and rolling strain paths and rolling–tension
eywords:
eformation
echanical properties

lectron microscopy

strain path sequences were performed on brass sheets. A study of mechanical behavior and microstruc-
tural evolution during the simple and the complex strain paths was carried out, within a wide range of
strain values. The appearance and development of deformation twinning was evident. It was shown that
strain path change promotes the onset of premature twinning. The work-hardening behavior is discussed

and d
icrostructure in terms of the twinning
microscopy.

. Introduction

Fundamental aspects of the plastic deformation of metals have
een established by extensive studies of both single crystals and
olycrystals. Early studies of single crystals of materials with high
tacking fault energy (SFE) established that, during deformation,
islocations tend to arrange themselves in cell walls, showing close
orrelations to active slip systems [1,2]. For single crystals, the
hape of the dislocation cells is related to the number of active slip
lanes: at the beginning of deformation when one slip system is
learly more active than the others, one family of dislocation walls
s observed; once two slip systems become active, two intersecting
amilies of parallel dislocation walls, delimiting closed parallelo-
ram cells, are generally observed in the crystals; and the equivalent
ctivation of three or more slip system induces the formation of
losed equiaxed cells.

During deformation of polycrystalline metals, internal stresses
ue to the accommodation process between adjacent grains act on
he plastic behavior. Multiple slip is then imposed inside the grains,
hatever their orientation. In materials with high SFE, closed dis-

ocation cells (four-sided or equiaxed) are the predominant feature
n grains of a polycrystalline sample, depending on the grain size

nd type of strain path [3–6]. Comparison between cell wall orien-
ations and the Sachs model calculations of the slip systems may
ndicate the level of intragranular stresses and the homogeneity of
he intragranular stress field.

∗ Corresponding author. Tel.: +351 225081424; fax: +351 225081447.
E-mail address: mvieira@fe.up.pt (M.F. Vieira).

921-5093/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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islocation microstructure evolution, as revealed by transmission electron
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The plastic behavior of metals after strain path change has been
widely studied, mainly in mild steel [3], copper [5–8], aluminum
[9], and brass [10]. Active slip systems are often observed to change
partially or totally after reloading. The activation of new slip sys-
tems, typical of the reloading path, depends on the magnitude of
the strain path change. This is usually defined by a scalar parameter
�, initially proposed by Schmitt et al. [11]: � = (εp : ε)/(|| εp|| || ε||),
where εp and ε are the plastic strain tensors corresponding respec-
tively to the prestrain and the subsequent deformation. The value
of � is merely the cosine of the angle between the two vectors that
represent successive strain tensors. The activation of new slip sys-
tems in the grains increases when � evolves from 1 to 0. In fact, for
� = 1, there is no change of strain path and the previously active slip
systems are still active after reloading. Consequently, no significant
changes in the mechanical behavior after path change are detected
for � = 1.

For � = 0, the strain path change is drastic, i.e. most of the slip
systems activated after reloading have not been activated during
the first path. The mechanical behavior in the second strain path
can be characterized by the ratio �be/�r (where �be is the reloading
yield stress and �r is the stress measured at the end of the first path)
and by the relative value of the work-hardening rate, i.e. comparing,
at a given stress, the work-hardening rate after reloading with the
one for the simple tension.

Therefore, for � = 0 latent hardening effects become significant

and �be/�r can take values close to 1.12 (copper under tension
after normal rolling [7], for example). Moreover, a relatively low
work-hardening rate is observed in the early stage of reloading,
mainly due to the dynamic recovery of the previous dislocation
structures, which is stronger when active slip systems are modified.

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:mvieira@fe.up.pt
dx.doi.org/10.1016/j.msea.2009.01.006
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drop of the work-hardening rate, intersect the one without pre-
strain, after which the levels of the reloading curves remain lower
than the pure tension one up to the necking point, when all reload-
ing curves tend to cross the reference curve again. Different trends
are observed for the reloading curves depending on the prestrain
4 N.A. Sakharova et al. / Materials Scie

he dislocation structure becomes unstable when the deformation
onditions change: the passage of groups of dislocations into dis-
ocation tangles and cells tends to change their organization and
romotes the annihilation of dislocations [3–5]. The previous dis-

ocation structure is gradually replaced by another structure, typical
f the new path. This structure has greater stability under the new
oading conditions and, as a result, the mechanical behavior tends
owards the one representative of the current path.

During plastic deformation, the occurrence of twinning, as an
dditional mechanism to dislocation slip, considerably changes
ome of the usual features of deformation. This takes place for mate-
ials with low-to-moderate stacking fault energy. Most materials do
ot twin until appreciable plastic deformation by dislocation slip
as taken place [12–14]. The activation of deformation twins com-
etes with dislocation slip and affects the mechanical response of
he material. The initiation of the deformation twinning mechanism
epends on the ratio between the critical resolved shear stresses
CRSS) for twinning and for slip [12,15,16].

The deformation behavior of FCC metals and alloys with low-
o-moderate SFE under different straining conditions has mainly
een studied in copper [17,18], stainless steel [19,20] and brass
20–24]. Shock deformation produces deformation twins in cop-
er [18]. Examples of such dynamic deformation microstructure in
ide class of FCC materials subjected to high velocity and shock
eformation have recently been investigated (for example [20]).
or stainless steel [19,20] and brass [20–24], deformation twins
ere observed for low deformation velocity under simple tension,
lane strain compression and simple shear. Also, a few studies con-
erning sequential strain paths, particularly tensile–cyclic torsion
f 70/30 brass and stainless steel [21,22] have been performed.
owever, the effect of the type of strain path change on materials
eformed by twinning has never been studied, to our knowl-
dge.

The aim of this study is to investigate the mechanical behav-
or and microstructural evolution of 70/30 brass sheet, deformed
y simple tension and simple rolling and the complex strain paths
f normal (� = 0) and parallel (� = 0.87) tensions after prestrain in
olling. The microstructural results, obtained by transmission elec-
ron microscopy (TEM) are correlated to the mechanical behavior.

. Experimental procedure

The material used in this study is 70/30 brass, which is typi-
ally representative of low SFE alloys (�sf = 7 mJ/m2). The samples
ere cut from a cold-rolled and annealed sheet, 3 mm thick and
ith an average grain size of 20 �m, and then were annealed for
h at a temperature of 650 ◦C in a 10−5 mbar vacuum, in order

o obtain a structure with a mean grain size of about 100 �m.
nnealed samples were deformed in pure rolling and tension, in
rder to study the microstructural features developed during these
aths and to obtain the stress–strain curve under tension. Sam-
les also underwent the rolling–tension sequence. Pure tension
nd tension after prestrain were always transverse to the initial
olling direction of the sheet. Two different types of strain path
hange were studied: the tensile and rolling directions were either
arallel or normal to each other. In order to obtain mechanical
haracterization during the second path under tension, annealed
amples were prestrained by rolling up to 0.04, 0.20 and 0.30 von
ises equivalent strain values (the von Mises equivalent strain by

olling is: ε = (2/
√

3) |ε3|, where ε3 is the logarithmic plastic strain
n the thickness direction). Other prestrain values by rolling were

lso used for microstructural characterization. During the second
ath under tension, microstructural observations were performed
t the beginning of deformation (strain value of about 0.025) and
fter rupture. The rolling deformation was always performed on
00 mm × 100 mm specimens. The tensile samples had a gauge size
nd Engineering A 507 (2009) 13–21

of 60 mm × 10 mm. All tensile tests were performed at room tem-
perature and with an initial strain rate of 10−4 s−1.

The dislocation and twinning microstructure was observed by
TEM. Samples for TEM were polished mechanically from both sides
down to a thickness of about 0.15 mm and then electropolished
using a double jet thinner. A dilute solution of orthophosphoric
acid (2:1) at room temperature under 10 V tension was used. TEM
analysis was carried out at 100 kV.

3. Results

3.1. Mechanical behavior

Fig. 1 shows the true stress (�)–true strain (ε) curves for pure
tension and for tension after rolling at three prestrain amounts
εp = 0.04, 0.20 and 0.30, for both parallel and normal cases of the
tensile direction with respect to the rolling direction. For the rolling
prestrain value εp = 0.04, the reloading yield stress, defined as the
back extrapolated stress (�be) [25], is greater than the reference
stress (�r) reached at equivalent strain under tension without pre-
strain, whatever normal or parallel sequence is considered. The
value of reloading yield stress �be is lower than �r for εp = 0.20
and 0.30. The residual uniform strain (εr), i.e. the strain up to
necking during the second path under tension, makes the value
of the total deformation before necking (ε = εp + εr) greater than
the correspondent value obtained under tension without prestrain.
The path change increases the total deformation before necking
(ε ≈ 0.47–0.53) in comparison to the one for pure tension (ε ≈ 0.40),
independently of tensile axis direction in respect to rolling direc-
tion.

The evolution of the work-hardening rate � = d�/dε as a function
of the true stress � is shown in Fig. 2, both for pure tension and for
normal and parallel tension after prestrain in rolling. After an initial
relatively high decrease in the work-hardening rate, the pure ten-
sion curve reaches an almost linear region, with a small decrease in
the work-hardening rate, in the stress range 200 to 290 MPa. This
is followed by a change of concavity, consistent with the stage B,
typical of materials with low SFE and low-to-medium grain size
[26]. The reloading curves, at the end of the relatively high initial
Fig. 1. True stress (�)–true strain (ε) curves in tension for brass samples with and
without prestrain in rolling.
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ig. 2. Work-hardening rate � = d�/dε versus tensile stress � for brass samples with
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alue: for εp = 0.04 a region with constant work-hardening rate is
bserved in the stress range mentioned above (200–290 MPa), for

hich a low decrease in the work-hardening rate under pure ten-

ion is observed; for higher prestrain values, εp = 0.20 and 30, the
urves start at a stress value higher than 290 MPa and the region
ith a constant work-hardening rate is not observed.

able 1
resence and morphology of twins observed in simple (pure tension and pure rolling) and

Simple strain paths

Strain value Occurrence and morphology of twins

ure rolling

0.04 Absence of twins
0.15 Absence of twins
0.25 Isolated twins and groups of parallel twins, in some gra
0.50 One family of twins in some grains, and also two twin f

structures

ure tension

0.04 Absence of twins
0.10 Absence of twins
0.25 Individual twins of one twin family in some grains
0.50 A significant number of deformation twins both individ

deformation twinning

Complex strain paths

Prestrain value in rolling (εp) Occurr

ension (ε = 0.025) after normal rolling
0.04 Individ
0.20 Individ
0.30 One tw

grain; a

ension (ε = 0.025) after parallel rolling
0.04 Individ

develo
0.20 Individ
0.30 One tw

system

ension (up to rupture) after normal rolling
0.04 A large

the den
rupture

0.20 Twin m
prestra

0.30 Twin m
prestra

ension (up to rupture) after parallel rolling
0.04 A large
0.20 Twin m

prestra
0.30 Twin m

prestra
norma
d Engineering A 507 (2009) 13–21 15

3.2. TEM observations

Dislocation and twin microstructure observations were per-
formed using TEM during the direct paths, rolling and tension,
and during reloading under tension after parallel and normal
rolling. It is worth noting that the existence of twins in all sam-
ples observed was confirmed by characteristic twin reflections in
diffraction patterns. For clarity, Table 1 summarizes the results
related to the presence and morphology of twins observed in sim-
ple (pure tension and pure rolling) and complex (tension parallel
and normal to previous rolling) strain paths. These results and
the results concerning the dislocation microstructures are detailed
below.

3.2.1. Simple strain paths
Firstly, the dislocation and twin microstructure developed dur-

ing pure rolling will be analyzed. TEM observations were carried
out in brass samples deformed by rolling at 0.04, 0.15, 0.25 and
0.50 equivalent strains. When the strain value was 0.04, tangled
low-density dislocation structures were observed. Extended dis-
locations are present at this strain value (Fig. 3). As the strain
value increases up to 0.15 the dislocation structures developed
ordered dislocation structures still predominate. However, more
organized dislocation structures are also observed in some regions.
For an equivalent strain value of 0.25, extended dislocations become
rare, the dislocation structures are denser and isolated twins and

complex (tension parallel and normal to previous rolling) strain paths.

ins
amilies, intersecting each other in the same grain; all studied grains contain twin

ual and groups of parallel twins; ample amount of grains are free from

ence and morphology of twins

ual twins and one family of parallel twins in a few grains
ual twins and one family of parallel twins in a few grains
in family and twin intersections, i.e. two families of parallel twins in the same
mount of twins grows

ual twins and one twin family; twins are morphologically identical to those
ped at the normal tension
ual twins one and family of parallel twins
in family and also two families of parallel twins in the same grain; second twin
occurs less frequently than when tension is normal to rolling

number of twins of one family; in some grains, twins of two intersecting families;
sity of twins is higher than in cases of monotonic strain paths, deformed up to

icrostructure is qualitatively identical to the microstructure for the lower
in value 0.04, but intersections of two twin families occur more often
icrostructure is qualitatively identical to the microstructure for the lower
in value 0.20

number of twins of one family; in some grains, twins of two intersecting families
icrostructure is qualitatively identical to the microstructure for the lower
in value 0.04
icrostructure is qualitatively identical to the microstructure for the lower
in value 0.20; the second twin system occurs less frequently than when tension is
l to rolling
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The evolution of dislocation and twin structure in complex strain
paths is significantly different to that in simple ones. Whatever
the change of strain path (parallel or normal) and the prestrain
by rolling value, twins are become apparent in the second strain
path under tension, from the beginning of reloading, i.e. strain of
ig. 3. Extended dislocations developed in brass after a rolling equivalent strain
= 0.04 (RD: rolling direction).

roups of parallel twins are present, in some grains. In brass sam-
les deformed up to an equivalent strain value of 0.50, the twin
tructures are commonly observed: all studied grains contain twin
tructures. One family of twins appears in some grains, but two
win families were also observed, intersecting each other in the
ame grain, as shown in Fig. 4(a). An example of the diffraction pat-
ern showing the presence of twin reflections is shown in Fig. 4(b),
hich covers the region of Fig. 4(a).

Strain values of 0.04, 0.10, 0.25 and 0.50 were chosen to study
islocation and twin structure evolution during pure tension. TEM
bservations showed that, for the initial stages of deformation, the
eveloped microstructure during pure tension is basically identi-
al to one observed in pure rolling. After a tension strain value of
.04, disordered dislocation structures and significant amount of
xtended dislocations were observed (Fig. 5). The extended dislo-
ations are a more frequent structural feature than those formed
y rolling at the same strain value. At a strain value of 0.10, the dis-
ocation microstructure is essentially similar to the one developed
t the strain value of 0.04. Qualitative change in the deformation
icrostructure was observed for the strain value of 0.25. Aligned

islocation structures become more organized and dense. Individ-
al twins of one twin family are present and the number of grains
ith deformation twinning is approximately the same as for equal

alue of deformation in pure rolling. The samples cut in the neck-
ng region of the tensile samples (plastic strain close to 0.50) show

significant number of deformation twins: individual as well as
roups of parallel twins (Fig. 6); but, even in this case, it is possible
o observe grains free from deformation twinning. The deformation
wins appear in nearly 50% of grains examined, whereas they are
resent in almost all grains studied after deformation by rolling at
he same strain level.

.2.2. Complex strain paths
Two types of sequential strain paths were investigated, in order

o understand the influence of the change of strain path and the type
f change on the mechanical behavior and on the dislocation and
win microstructure developed after reloading. For both cases, the
rass was prestrained by rolling up to von Mises equivalent strains
f 0.04, 0.20 and 0.30, after which normal and parallel tension was

erformed up to two strain values: 0.025 and up to rupture. A study
f dislocation and twin structure developing at the initial stages
f tensile deformation after prestraining by rolling was carried
ut in order to establish the microstructural features immediately
fter strain path change and to better understand work-hardening
ehavior during complex strain paths.
Fig. 4. Twins’ intersection (a) developed after a rolling equivalent strain ε = 0.50 (RD:
rolling direction) and (b) diffraction pattern of the TEM image show in (a).
Fig. 5. Unorganized dislocation structures developed in simple tension ε = 0.04 (TD:
tensile direction).
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Fig. 8. Twins’ intersections developed in tension (ε = 0.025) after prestrain in rolling
(εp = 0.30), tension is normal to rolling (TD: tensile direction).
ig. 6. Deformation twins developed in simple tension ε = 0.50 (TD: tensile direc-
ion).

.025. In the case of a lower prestrain value (0.04), the total strain
alue is 0.065, and so is lower than that for twinning development
nder pure tension. However, during the second strain path under
ension after prestraining to this value by rolling, individual twins
nd one family of parallel twins can be seen in a few grains. These
wins are morphologically identical to those developed at higher
lastic deformation stages, during simple strain paths of rolling
nd tension. The typical twin microstructure that develops during
he initial stage of second strain path is shown in Fig. 7. Tangled
islocation structures containing large amounts of extended dis-

ocations and poorly organized aligned dislocation structures can
e seen in some regions, as for low values of pure tensile defor-
ation. Further increasing the prestrain value (εp = 0.20) does not

ead to any change in microstructural features developed during
he early stages of the second path under tension (strain equal to
.025). Only one family of parallel twins is observed in each grain
nd dislocation density becomes higher than in the previous pre-
train case. For the higher prestrain value (εp = 0.30) the amount of
wins grows and twin intersections can appear, i.e. two families of
arallel twins were observed in the same grain, for both normal and
arallel tension (Fig. 8).

With regard to the samples deformed up to rupture after parallel

r normal prestrain, intense twinning was observed in the sam-
les prestrained by rolling up to 0.04 and deformed up to rupture.
or these samples, a large number of twins of one family are fre-
uently observed in the grains (Fig. 9). In some grains, twins of two

ig. 7. Deformation twins developed in tension (ε = 0.025) after prestrain in rolling
εp = 0.04) for tension normal to rolling (TD: tensile direction).
Fig. 9. Deformation twins of one family developed in brass samples deformed in
tension up to rupture. The prestrain value in rolling is εp = 0.04 and the tension is
parallel to rolling (TD: tensile direction).
intersected families are present (Fig. 10). The density of twins is
higher than in cases of simple strain paths, deformed up to rup-
ture. For samples prestrained up to 0.20 and 0.30 by rolling in the
first strain path, the dislocation and twin microstructure observed

Fig. 10. Twins’ intersections developed in tension up to rupture after prestrain in
rolling (εp = 0.04); tension is parallel to rolling (TD: tensile direction).
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ig. 11. Schematic representation of the four stages of strain-hardening in FCC mate-
ials with low stacking fault energy [27].

fter rupture in the second path under tension, is qualitatively iden-
ical to the microstructure for the lower prestrain value 0.04, but
ntersections of two twin families occur more often.

Generally, the microstructures observed for both complex strain
aths are similar, as noted above. However, certain particular
icrostructural features distinguish both types of strain path.

wins of only one family predominate after rupture, whatever the
hange of strain path and the prestrain values, but the second twin
ystem occurs less frequently when tension is parallel to rolling
han when tension is normal to rolling. This is also observed when
he strain value under tension equals 0.025, for the case where pre-
train equals 0.30. Thus, two intersecting families of twins are more
ikely after strain path change when tension is normal to rolling.

. Discussion

.1. Simple strain paths

It has been reported that the evolution of the work-hardening
ate versus stress of FCC materials with low stacking fault energy
resents four stages [23,26–32], as shown schematically in Fig. 11.
n initial sharp decrease in the work-hardening rate is observed,
o called stage A. This stage, similar to stage III of monocrystals, is
sually observed in FCC polycrystals with high stacking fault energy
uring a relatively large range of plastic deformation obtained by
ension. A constant work-hardening rate, stage B, follows the initial
ork-hardening decrease. The onset of stage B was correlated with

he initiation of twinning. Stage C is characterized by a renewed
ecrease in the work-hardening rate. During this stage, the rate of
rimary twinning decreases. Finally, stage D was correlated with
xtensive twin intersection, brought about by the activation of a
econd twinning system non-coplanar with the previous one.

For materials with low-to-moderate stacking fault energy, plas-
ic deformation by twinning usually takes place after a moderate
train value. The activation of deformation twins competes with
islocation slip and affects the mechanical response. El-Danaf et
l. [26] and Asgari et al. [27] suggest that the initiation of defor-

ation twinning requires a critical dislocation density, measured

y the value (� − �0)/G (where � is the flow stress during defor-
ation, �0 is the initial yield strength of the material and G is the

hear modulus). Also, the average homogeneous slip-length con-
rols the deformation by twinning: in materials with low values of
nd Engineering A 507 (2009) 13–21

SFE a delay occurs in the development of in-grain misorientations
and consequently the slip length remains close to the initial grain
size, at least until twinning starts. In these materials, deformed
under static mechanical tests at room temperature, the microstruc-
tural variables promoting twinning are a combination of a relatively
high dislocation density with relatively high average slip length,
i.e. large homogeneous deformation-length scale [26,27]. The evo-
lution of the dislocation density and the average slip length with
strain depends on SFE, but also on other material variables such as
the grain size [26].

The strengthening observed during stage B has been attributed
to two different physical mechanisms. The most common explana-
tion is the reduction of free slip line distance due to the presence
of twins [23,26,28–32]. This is similar to the Hall–Petch effect: the
twin-matrix interface acts as barrier to dislocation pile-up forma-
tion and the strain accommodation is more complex due to the
reduction of the mean slip length. Other authors [33] consider
that, as a result of twinning shear transformation, some glissile
dislocations are converted into sessile configurations and other dis-
locations become less glissile after twinning. Whatever the case,
the consequence is identical: the twinning development leads to a
work-hardening rate higher than that measured in the absence of
twinning.

The results of the current study show that stage B is notice-
able for the case of tension without prestrain (Fig. 2). However, the
work-hardening rate versus stress curve shows a feature different
from that usually observed for materials with higher SFE [5] and
rather similar to that usual for materials with low SFE, with rel-
atively low grain size [26]. After the initial sharp decrease in the
work-hardening rate, the curve follows a linear region with almost
constant work-hardening rate (between 200 (ε = 0.08) and 290 MPa
(ε = 0.165)), which is consistent with the stage B [26]. These stress
values correspond to (� − �0)/G = 0.0025 and 0.0050, respectively,
which are quite similar to the ones previously found for the begin-
ning and the end of stage B in 70/30 brass with 30 and 250 �m
grain size [26]. Stage B of work-hardening can be more or less dis-
cernible, depending on the grain size. With decreasing the grain
size, this stage tends to disappear, which was explained by the rel-
atively small extension of the twin clusters during this stage, for
low and medium grain-size material, i.e. fewer deformation twins
are produced for low and medium grain-size than for higher grain
sizes materials [26]. In this study, of 70/30 brass with 100 �m, the
evolution of twin microstructure also occurs gradually with defor-
mation, as testified by our TEM observations, which justifies the
work-hardening behavior observed, showing a perceptible stage B.

The dislocation structure presented above does not show clear
organization of dislocations in cell structures that means extremely
modest dynamic recovery during deformation. The organization of
the dislocations in well defined dislocation cells, as observed in
materials with high SFE, for example, copper [4,5], aluminum [9]
or mild steel [3], requires easy cross-slip, which has a low probabil-
ity of occurring in materials with low SFE, such as the 70/30 brass
studied here. The activation of two, eventually three, main slip sys-
tems in most grains is observed under tension and rolling from the
beginning of deformation. This means that the strain compatibility
between adjacent grains is provided by geometrical dislocations,
whose effects are observed all over the grain and not just close to
the grain boundaries. This is in agreement with the medium grain
size (100 �m) of the studied 70/30 brass sheet and indicates that
the grain deformation follows a slip pattern, indicative of a con-
currence between the Sachs (just one slip system) and the Taylor

model (three or more main slip systems) as previously observed for
copper [4].

From current experimental results, it was possible to conclude
that deformation in only one twinning system seems to be favorable
which agrees with the above discussion concerning the mechani-
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they always decrease up to necking (Fig. 12). This is due to the inten-
sity of recovery in reloading, as established by observations of the
dissolution of the prior microstructure after path change. This is
not the case with these results for 70/30 brass; the work-hardening
N.A. Sakharova et al. / Materials Scie

al behavior. In fact, when two twinning systems are observed in
he same grain they are restricted to different regions (the internal
tress due to the accommodation process between adjacent grains
ay induce distinct twinning systems in different regions, partic-

larly if the activities of the systems are similar). The absence of
rains with multiple twinning in the same region has been justi-
ed by a reciprocal hardening of twinning systems (similar to latent
ardening of slip systems), i.e. the critical resolved shear stress nec-
ssary to activate one twinning system should be lower than the
ne necessary to activate more than one twinning system [26,27].
he activation of just one twinning system during the relatively
ow deformation range studied is in agreement with the results of
l-Danaf et al. [26] for stage B.

After stage B, the work-hardening rate versus stress shows a
lear decrease in the work-hardening rate. This is the so-called stage
, with decreasing rate of primary twinning. In fact, our TEM obser-
ations do not show much of twin density up to a deformation value
f about 0.25. Also, it was observed that just one twin system occurs
uring this stage for pure tension up to rupture (strain value higher
han 0.40). Deformation by only one twin system occurs because
he critical resolved shear stress is lower than the one necessary
or activation of multiple twinning. In fact, previous results by El-
anaf et al. [26] show that stage D (corresponding to extensive twin

ntersections) is initiated in 70/30 brass with 30 and 250 �m grain
izes when (� − �0)/G approached a value of about 0.015 (obtained
n simple compression), which corresponds to a stress values of
70 MPa, slightly higher than the maximum stress value attained
nder tension. This signifies that the levels of stress which need for
new twin to shear through an existing twin are not reached in
ure tension.

The TEM observations after rolling essentially confirm the
icrostructural results observed under tension: up to an equivalent

on Mises deformation equal to 0.10, twins are not observed and
ypically just one family of twins was observed for moderate strain
alues (0.15 and 0.25). However, for severe deformation by rolling
equivalent von Mises deformation equal to 0.50), two twin families
ppear in some grains, intersecting each other, which does not occur
nder tension. The appearance of two twin families in pure rolling

ndicates that, the stress attained in this strain path at an equiv-
lent von Mises deformation of 0.50, is certainly higher than that
chieved under tension for the maximum strain value (0.40). Actu-
lly, pure rolling deformation is more constrained (the strain path is
mposed and the grains cannot deform in the transverse direction)
han tension (the stress path is imposed) and requires a larger num-
er of active systems for most grain orientations, independently of
he accommodation between grains [6].

.2. Complex strain paths

Two different types of mechanical behavior were observed after
ath change. For a low prestrain value (at about 0.04), the macro-
copic reloading yield stress is higher than the stress reached on
he tension curve without prestrain, at a strain which is equal to the
restrain amount. For the higher prestrain values (0.20 and 0.30),
he value of the back extrapolated stress is lower than the reference
tress. In this context, the case of low prestrain value is firstly ana-
yzed and, afterwards, the two other cases of prestrain values are
xamined.

.2.1. Low prestrain value
The increase in yield stress after path change has been analyzed
n previous work for materials with moderate-to-high SFE [5,6] and
as related to the physical mechanisms, i.e. the latent hardening

ffect that occur during reloading. Using Sachs and Taylor models,
statistical analysis of the sets of active slip systems during each
ath, has shown that, in most of the grains of FCC metals under
d Engineering A 507 (2009) 13–21 19

tension normal to previous rolling, the active slip systems during
reloading under tension were not activated during the first rolling
path [8]. Also, in some grains under tension after parallel rolling,
activation of new slip systems not active during prestrain in rolling
must be expected, but the number of new active slip systems is infe-
rior to that found under tension after normal rolling. So, for the low
prestrain value (0.04), the observed increase in yield stress of brass
under tension normal and parallel to previous rolling can also be
explained by the interaction between the newly active slip systems,
developed under tension, and the ones active during rolling. This is
usually called the latent hardening effect and agrees with the facts
that the increase in yield stress is higher under tension normal to
rolling than parallel to it (see Fig. 1) and no twins were observed
for such low prestrain value in rolling.

From our TEM observations it was not possible to identify the
dissolution of the dislocation microstructure under tension both
normal and parallel to previous rolling, which is usually observed
in materials with high SFE [3,5]. This is due to the inhibition of
dynamic recovery mechanisms: as in other metals with low SFE,
small amounts of climb, cross-slip and rearrangement of disloca-
tions take place in brass. As a consequence of the lack of dynamic
recovery mechanisms, there is no significant decrease in the total
forest dislocation density after path change. In this way, the rel-
atively high value of the back extrapolated stress (�be/�r ≈ 1.07
for tension normal to rolling and �be/�r ≈ 1.03 for tension paral-
lel to rolling) due to latent hardening effects observed after path
change (Fig. 1) is not followed by a continuous decrease in the
work-hardening rate, as is usually observed for high SFE materi-
als after low prestrain values (as shown in the example of Fig. 12
[36]). However, this is not the only cause that explains this mechan-
ical behavior, shown in Fig. 2. A second cause is twin development,
although this is related to the first, as discussed following.

With regard to the work-hardening rate evolution after path
change, the curves � versus � exhibit, for the low prestrain value (at
about 0.04), behavior different to that usually observed for material
with higher stacking fault energy, such as mild steel [3] and cop-
per [5,6]. In fact, for these materials, the curves after low values of
prestrain cross the one without prestrain and after the cross-point
Fig. 12. Work-hardening rate � = d�/dε versus tensile stress � for copper samples
with and without prestrain in rolling (εp = 0.06) [36].
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ate evolution after path change shows an initial decrease (as for
aterials with higher stacking fault energy), but this is followed by
transient region with constant work-hardening rate, which must
e related to the beginning of twin formation, i.e. with stage B in
imple tension. This is confirmed by TEM results that show that
t a strain value of 0.025 in reloading (total strain value of 0.065),
ne family of twins is already present; in pure tension twin activ-
ty is detected only for ε higher than 0.10. In fact, the path change
auses the stress estimated above for the beginning of stage B under
ure tension (at about 200 MPa) to be overcome from the beginning
f tension after normal or parallel rolling. As under pure tension,
he region of constant work-hardening rate ends with a stress of
90 MPa (� − �0)/G = 0.0050), as mentioned above. Also, the value
f 900 MPa for the constant work-hardening rate (�/G = 0.024) is
lose to the one for simple tension and within the range found in
he literature of about 0.02–0.03 G for 70/30 brass and other mate-
ials [26]. The stress region with a constant work-hardening rate is
imilar for both types of strain paths: tension after normal or par-
llel rolling. Only a small difference (less than 50 MPa) is observed
n the constant work-hardening region between these two types
f strain paths: the work-hardening rate is higher for the case of
ension after parallel rolling. The slightly lower level of stage B in
he case of normal path change can be explained by a slightly more
ntense dynamic dislocation recovery mechanism for normal path
hange than for parallel path change, owing to the more drastic
hange of slip systems.

In conclusion, twin development under tension after rolling, at
quivalent total strain values lower than the strain observed for
winning onset during pure rolling and pure tension, is related
o the fact that the activation of deformation twinning competes
ith dislocation slip. After path change, the latent hardening effect

ncreases the critical resolved shear stress necessary for disloca-
ion slip and, consequently, the critical resolved shear stresses for
winning and for slip converge, which is necessary for twinning
ctivity. Moreover, the appearance of the twins immediately after
ath change, also contributes to the decreased work-hardening rate,
nd leads to the appearance of a clear stage B under tension after
olling.

.2.2. High prestrain values
According to the TEM observations, the deformation twinning in

rass samples prestrained by rolling begins immediately after strain
ath change and twin microstructure is already well-developed
t the initial stages of tensile deformation (ε = 0.025) whatever
restrain value during first strain path is considered. The twin-
ing intensity increases with the increase in the value of prestrain
olling, becoming significant for the cases of rolling prestrain equal
o 0.20 and 0.30, where some twin structures have been formerly
eveloped during first strain path and new twin systems can inter-
ct with them to form twin intersections.

For the higher prestrain values (0.20 and 0.30), the back extrap-
lated stress is lower than the reference stress, as has already been
bserved by other authors [34,35]. This indicates that the effects
f latent hardening do not control the mechanical behavior. In fact,
he TEM observations show that, for these prestrain values, twins
re already present at the end of the prestrain path by rolling and
o stage B was attained. After path change, the new active dislo-
ation slip systems have a different orientation in relation to the
win plane, which increases the mean slip length of the new active
islocations and leads to a consequent reduction in the pile-up
tress in these dislocations, at the beginning of reloading. This was

onfirmed by a simple calculation of the Schmid factor for dis-
ocation slip and twinning systems of several grain orientations,
uring the prestrain path, that allows the active slip and twinning
ystems (with the highest Schmid factors) to be determined. After-
ards, for each correspondent grain orientation, the Schmid factors
nd Engineering A 507 (2009) 13–21

were calculated for the dislocation slip systems under normal ten-
sion. The results show that, in general, the orientation of the new
active slip systems under tension is such that the mean slip length,
controlled by the presence of twins, increases during subsequent
tension, when compared with the mean slip length of the active
slip systems after rolling. This can explain the results in Fig. 1, which
shows that �be/�r is lower than 1 for high prestrain values (0.20 and
0.30).

With regard to the work-hardening rate evolution after high pre-
strain values, the � versus � curves present an initial sharp decrease,
after which they decrease slowly until rupture, remaining relatively
close to the values found for simple tension. In contrast to the case
of low prestrain value, in this case the � versus � curves do not con-
tain a transient region with a constant work-hardening rate, typical
of stage B. In fact, twins develop during the first path by rolling and
stage C occurs at the beginning of the second path, under tension.
As a consequence of the relatively high level of the work-hardening
rate after path change (i.e. clearly above the necking line: � = �), the
total deformation value up to necking is higher in complex strain
paths (rolling followed by tension) than in simple tension.

Microstructural observations showed two twinning non-
coplanar systems under tension up to rupture subsequent to
prestrain rolling, for any prestrain value and path change. Also, in
the case of prestrain by rolling at 0.30, two twin systems were
observed for a low strain value of deformation under tension
(0.025). The change in the orientation of the grains in relationship
to the tensile axis produce an increase in the effective shear stress
in new twinning systems that become active, and a second family of
twins develops after path change. However, the constant region of
work-hardening rate was not observed after path change on � ver-
sus � curves (Fig. 2), in the cases of higher prestrain levels (0.20 and
0.30), for which twins were already present at the end of the first
path in rolling. This must be related to the fact that two opposite
mechanisms are present after path change: (i) the dislocation struc-
ture becomes unstable, which increases recovery due to dislocation
annihilation (this recovery becomes stronger with increasing pre-
strain value [4,5]) and (ii) the twinning development, which leads
to a work-hardening rate higher than that measured in the absence
of twinning.

5. Conclusions

Mechanical behavior and microstructural evolution were stud-
ied in brass sheets with an average grain size of 100 �m subjected
to tension, rolling and tension after rolling deformation sequences,
tension being normal or parallel to rolling. Twinning appears during
simple strain paths under tension and rolling at an equivalent strain
higher than 0.10. With increasing strain the twinning becomes
intensive in the case of simple rolling, whereas for simple ten-
sion the twin amount is lower and volume fraction containing
twins is smaller. Moreover, considering only simple strain paths,
a second twin family is only observed for large plastic deforma-
tion (more than 0.50) in rolling. The microstructural observations
for simple tension are confirmed by the work-hardening ver-
sus stress curve, showing a perceptible stage B connected with
deformation twins, which is usually observed for low SFE met-
als.

Deformation twinning develops during complex strain path for
both strain path change directions, parallel and normal. One fam-
ily of twins appears immediately after strain path change and then
two twin systems were observed with increasing deformation up

to rupture, although twins intersections are rarer in parallel tension
then in normal tension. The twinning structures mainly arise during
the second path under tension, and so the strain path change is an
effective way to activate deformation twinning. Twinning is more
intensive and volume fraction of twins is larger under tension after
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train path change than for pure tensile deformation where multi-
le twinning was not observed at all. The work-hardening behavior
uring a complex strain path for a low prestrain value (0.04) is con-
ected with the dislocation latent hardening effect, whereas for
igh prestrain values (0.20 and 0.30) the mechanical behavior is
lso related to twin-matrix interface strengthening.
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