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Heterostructured materials have been reported to possess superior combinations of strength and ductility,
which is attributed to hetero-deformation induced (HDI) strengthening and work hardening. However, the
influence of heterostructural parameters on the evolution of HDI stress and mechanical behavior during ten-
sile deformation is not well understood. In this paper, heterostructured brass (Cu�30%Zn) was fabricated by
cold rolling and partial annealing, to produce heterostructures with different heterostructural parameters,
including domain volume fraction, domain thickness/spacing and domain misorientation. It was found that
HDI hardening was dominant when the tensile strain was less than »4.5%, while conventional dislocation
hardening became more effective at higher strain levels. Quick accumulation of geometrically necessary dis-
locations was found in the domain boundary regions, leading to high HDI stress. Higher domain misorienta-
tion was found more effective in developing HDI hardening. These findings elucidate the effect of
heterostructure on strength and ductility, which can help with the design of heterostructured materials for
superior mechanical properties.
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1. Introduction

Strength and ductility are two of the most important mechanical
properties of metallic materials for structural applications in a wide
variety of industries, including automobile and aerospace. For the last
three decades, nanostructured and ultrafine-grained metals and
alloys have been extensively studied to produce very high strength
[1�7]. However, the high strength often comes at the sacrifice of duc-
tility [8,9]. Low ductility means low tensile plasticity, which poses a
safety issue for many structural applications. Developing metallic
materials, with a good combination of strength and ductility, has
been a challenge for researchers [10].

Recently, heterostructured materials containing both ultrafine- and
coarse-grained domains have been reported to have a superior combi-
nation of strength and ductility [11,12]. Heterostructured materials are
defined as materials containing domains with dramatically different
flow stresses [11,13,14]. Each domain can be an individual grain or a
polycrystalline volume. According to the definition, several diverse
groups of materials can be considered as heterostructured materials,
including bimodal materials [15�17], gradient materials [18�21], het-
erogeneous lamella materials [11,22,23], harmonic structure [24�26],
dual-phase steel [27�29], laminated materials [30�32], etc.

The common physics that links these very diverse microstructures
is their ability to produce hetero-deformation induced (HDI)
strengthening to enhance strength and HDI work hardening to retain
ductility [30]. The HDI hardening was previously called back-stress
hardening, which was found not accurate [14]. Specifically, the dra-
matically different flow stresses among adjacent domains lead to
mechanical incompatibility during deformation. Before a sample
yields as defined by 0.2% plastic strain, the soft domains are plasti-
cally deforming while the hard domains are still elastic. Dislocations
gliding in the soft domains will be stopped and accumulated at the
elastic/plastic domain boundaries. Some of these dislocations are
likely emitted from Frank�Read dislocation sources, which have the
same Burgers vector and can be defined as geometrically necessary
dislocations (GNDs) [13]. The piling-up of GNDs is known to produce
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Fig. 1. Coarse-grained structure of brass (Cu�30wt%Zn) after annealing at 700 °C for 2 h.
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long-range internal stress, i.e., back stress in the soft domains, which
makes the soft domains appear stronger. At the same time, the stress
concentration at the head of the GND piling-up exerts strong forward
stress in the adjacent hard domain. HDI stress is a combined effect of
back stress and forward stress [14].

After yielding, there will be strain partitioning among the hetero-
structured domains, where the soft domain will be subjected to
higher plastic strain than the hard domains [27]. Since the strain
must be continuous, a plastic strain gradient will inevitably develop
near the domain boundaries. It was believed that the plastic strain
gradient has to be accommodated by GNDs [31,33], which leads to
HDI hardening to retain or enhance ductility. However, it has been
found recently that the accumulation of GNDs may not be propor-
tional to the accumulation of plastic strain gradient [34]

Among all heterostructures, heterogeneous lamella structure
(HLS) has been reported to produce the best combination of strength
and ductility [11,13]. For example, the HLS Ti has been found to pos-
sess the high strength of ultrafine-grained Ti while maintaining the
ductility of coarse-grained Ti [11], a combination that is deemed
impossible according to conventional wisdom. However, it is also
noteworthy that not all HLS materials are equally effective in improv-
ing the mechanical properties [22]. Thus, it is important to reveal the
effects of different heterostructural parameters, including domain
volume fraction, domain spacing/thickness, etc., on mechanical
behaviors for achieving a superior combination of strength and duc-
tility. Some progress has been made in understanding how the struc-
tural parameters influence the HDI stress evolution. Wu et al. [11]
found that the volume fraction of soft domains should be less than
30% in Ti. Ma et al. [30] and Huang et al. [31] demonstrated that the
optimal thickness of the soft domain was »15 mm in copper-brass
(Cu10Zn) laminate materials. However, the microscopic evolution of
GNDs, at the domain boundaries in HLS, has not been well explored.
Specifically, it is not well understood how the structural parameters
affect the evolution of GNDs and HDI stress in HLS materials.

In this study, HLS brass (Cu-30wt%) was fabricated by cold rolling
combined with partial-recrystallization annealing. Since brass is a
material with low stacking fault energy, dislocation cross-slip is ham-
pered whereas pile-ups (GND) are promoted at the domain boundary.
Microstructures at different tensile plastic strain levels were systemat-
ically analyzed to reveal the evolution of GNDs at the domain bound-
aries. Domain misorientation, a new parameter defined as the average
misorientation between soft domains and hard domains, is found to
affect the HDI-stress evolution and mechanical behavior.
2. Experiment

A commercial ASM-C26000 alloy (Cu�30 wt% Zn) plate was
annealed at 700 °C for 2 h to homogenize the sample (Fig. 1), produc-
ing a coarse-grained (CG) microstructure with an average grain size
of several hundred micrometers. The CG plates were rolled (repre-
sented by “R”) from 10 mm to 2 mm (80% thickness reduction), with
each pass producing »5% thickness reduction. Subsequently, the
rolled brass plate was annealed (“A”) at 260 °C (“260C”) for 10 mins,
20 mins and 30 mins in a vacuum furnace.

Samples for ion channeling contrast microscopy (ICCM) and elec-
tron backscattered diffraction (EBSD) observation were firstly cut
from the rolled and annealed samples, then mechanically polished to
achieve a mirror-like surface. Electrochemical polishing was per-
formed for <30 s to remove the strained top-surface layer. The elec-
trolyte consisted of phosphoric acid (concentration of 85%), ethanol
and deionized water with a volume ratio of 1:1:2. ICCM and EBSD
were conducted in an FEI Quanta 3D FEG dual-beam instrument. For
local misorientation mapping, each EBSD scan was performed under
30 kV and 16 nA electron beam and with a bin size of 2 £ 2 to achieve
a decent angular resolution [35,36].
TEM foil was prepared by mechanically polishing the specimen to
100 mm, followed by twin-jet polishing at �10 °C. The electrolyte was
the same as that for electrochemical polishing. TEM observationwas per-
formed in JEM-2000 and JEM-2010Fmicroscopes operating at 200 kV.

Dog-bone-shaped tensile samples with gauge dimensions of
10 £ 2 £ 2 mm3 were tested under uniaxial tension on a Shimadzu
AGS machine. Both normal and unloading-reloading tension tests
were carried out at room temperature at a strain rate of 5 £ 10�4 s�1,
and each test was repeated for at least 5 samples to ensure data
reproducibility. X-ray diffraction (XRD) was conducted on well-pol-
ished tensile samples with a Cu Ka radiation source. The dislocation
density analysis was based on the Williamson-Hall equation, and the
details of the method could be found in Refs [37,38].

3. Results

3.1. Structural characterization

The global microstructure of rolled and annealed samples was
observed by using ion channeling contrast microscopy (ICCM), as
shown in Fig. 2. After partial-recrystallization annealing for
10�30 mins, three different heterogeneous lamella structures (HLS)
were obtained. As shown in Fig. 2(a), 80% rolling reduction produced
ultrafine grains in brass. The as-rolled structure contains a high den-
sity of dislocation cells and low-angle boundaries [39,40], which is
further detailed in Fig. S1. During annealing, recovery occurred first
to decrease dislocation density in each lamella domain without
changing its morphology [41,42]. Subsequently, new grains were
nucleated in colonies. Since the nucleation of the new grains is not
simultaneous and the growth rates of the new grains are different,
the sizes of the new grains vary significantly [43]. This produced two
types of domains, soft domains and hard domains. Soft domains are
aggregations of fully recrystallized coarse grains, whose grain sizes
are larger than 1 mm, while hard domains are aggregations of ultra-
fine grains either from severe deformation or limited recrystalliza-
tion. Because the flow stresses of the soft domain and hard domain
are different during deformation, HDI stress will develop in the heter-
ostructured sample, which may lead to high strength and ductility in
HLS materials [10].

TEM images of hard and soft domains in the R80_A260C_20 min
sample are shown in Fig. 3. Fig. 3(a) shows the microstructure inside
a hard domain, which consists of both equiaxed and elongated ultra-
fine grains with sizes ranging from »100 nm to »600 nm. Fig. 3(b)
shows the recrystallized grains inside a soft domain, with grain sizes
ranging from »2mm to »8mm. The recrystallized coarse grains often



Fig. 2. Ion channeling image of typical microstructures in partially recrystallized brass: (a) R80; (b)R80+260C_10 min; (c) R80+260C_20 min (area 1 is a recrystallized soft domain
lamellar); (d) R80+260C_30 min.
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contain annealing twins, which are otherwise pristine in their inte-
rior with very low dislocation density.

3.2. Mechanical property

Uniaxial tensile tests were performed to measure the yield strength
and ductility of the annealed brass, as shown in Fig. 4(a). The yield stress
and uniform elongation of different samples are listed in Table 1. As
shown in Fig. 4(c), the present HLS brass samples usually have combina-
tions of stress and ductility superior to the published mechanical data
with other microstructures [3,44�46]. Interestingly, contrast with the
intuitive belief that increasing annealing time will increase ductility and
decrease strength, the sample annealed at 260 °C for 20 min (R80
+260C_20 min) retains the same yield strength as the sample annealed
for 10 min (R80+260C_10 min) while acquiring a much higher ductility.
As shown, R80+260C_20 min samples have the best combination of
strength and ductility among these three HLS structures.
Fig. 3. TEM images of (a) a hard domain with ultrafine grains and (b) a soft domain
Fig. 4(b) shows that the R80+260C_20min samplemaintained a rela-
tively high strain-hardening rate during the tensile deformation (even
slightly higher than the R80+260C_30 min samples at strain <10%).
High strain hardening is needed for high ductility [6,44] and good yield
strength [20,45]. The high strain-hardening behavior of the R80
+260C_20 min sample is likely caused by HDI hardening and the higher
volume fraction of soft domains, compared with R80+260C_10 min.
Based on previous reports [11,30,31], the volume fraction of domains,
the distance between two soft domains and thickness of soft domains,
are the three parameters believed to influence HDI hardening. The sta-
tistics of these parameters are shown in Table 2. The soft domains are
carefully extracted from Fig. 2(a)-(d), which form a representative sub-
set of the images. The volume fraction, thickness and inter-soft-domain
distance are measured subsequently. The volume fraction is estimated
by measuring the area fraction of the soft domains in the image [46,47].
These parameters are similar in the R80+260C_10 min and R80
+260C_20 min samples. However, as shown in Fig. 4(a), the R80
with recrystallized coarse grains containing twins and very few dislocations.



Fig. 4. (a) strain�stress curves of brass that was cold rolled for 80% thickness reduction and partially recrystallized at 260 °C for different periods; (b) strain-hardening rate curves
for those samples shown in (a); (c) comparison of HLS and other structured brass [3,48�50].

Table 1
Mechanical properties of cold rolled and partially annealed brass.

Yield stress (MPa) Uniform elongation (%)

R80 680 2.5
R80+A260C_10 min 580 7
R80+A260C_20 min 570 12.5
R80+A260C_30 min 500 13.5
Coarse Grained (CG) 140 34

Table 2
Parameters for the heterogeneous structure.

The volume
fraction of soft
domains (%)

The average
distance between
two soft domains
(mm)

The average
thickness of a
soft domain
(mm)

R80 15 ~28 ~8
R80+260C_10 min 30 ~15 ~13
R80+260C_20 min 45 ~12 ~15
R80+260C_30 min 70 <5 >20
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+260C_20 min sample has 80% higher ductility, but the same yield
strength as compared with the R80+260C_10 min sample. Meanwhile, a
further increase of the volume fraction of soft domains, by annealing for
a longer time of 30 mins, led to lower strength but the same ductility.
Therefore, there should be additional unknown parameter(s) that
impact(s) the HDI hardening of the HLS brass.

3.3. EBSD mapping and misorientation characterization

Electron backscattered diffraction (EBSD) was used to analyze a
representative soft domain and its neighboring hard domains (Fig. 5).
After annealing at 260 °C for 20 min, the fraction of low-angle grain
boundaries (< 15°) decreased by 50% as compared with the sample
annealed for 10 min, and the distribution of grain boundary angles is
similar to that of the sample annealed for 30 min. The result indicates
that the partial recrystallization induces the emergence of the new
high-angle boundaries across the soft/hard domain interfaces. After
30-min annealing, despite the high fraction of high-angle misorienta-
tion domain boundaries, it appears that the hard domains cannot
provide enough constraint to soft domain due to their low volume
fraction (Fig. 2(d)), which leads to a relatively low HDI stress, and low



Fig. 5. EBSD data (all-Euler images) show representative regions where soft domains are embedded by hard domains. The right column shows the corresponding misorientation
angle distribution along soft/hard domain boundaries: (a), (b) R80+260C_10 min; (c), (d) R80+260C_20 min; (e), (f) R80+260C_30 min.
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yield strength of R80_260C_30 min. We define the domain misorien-
tation as the average misorientation of the small grains (hard
domains) and coarse grains (soft domain) at the interface (the white
dotted line shows the interface for statistics).
The domainmisorientations of R80_260C_10min, R80_260C_20min
and R80_260C_30 min samples are 20°, 35° and 38°, respectively. A pre-
vious study revealed that a high volume fraction of high-angle grain
boundaries could increase the ductility of metals by effectively blocking
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dislocation slip in nanostructured and ultrafine-grained materials [51].
Fig. S2 shows that the distribution of misorientation in hard domains is
similar for different annealing time. Thus, the improvement in ductility
was not caused by the grain boundary misorientations in hard domains.
These results indicate that high-angle domain boundaries have a signifi-
cant impact on the ductility of the HLS brass. The main mechanism for
the improvement of ductility is HDI hardening, which is caused by the
evolution of GNDs. Moreover, domain misorientation significantly influ-
ences HDI stress evolution, whichwill be discussed later.

3.4. Dislocation analysis at different strain levels

Wu and Zhu [10,11] hypothesized that there exist three deforma-
tion stages for HLS materials: (1) In the elastic stage, both soft and
hard domains deform elastically; (2) In the elastic-plastic stage, the
hard domains deform elastically, while the soft domains deform plas-
tically. Dislocations glide in the soft domains (coarse grains adjacent
to domain boundaries) will be piled up at the domain boundaries,
developing HDI stress; (3) In the plastic stage, both soft and hard
domains deform plastically. Strain partitioning might occur with the
soft domain carrying a higher fraction of plastic strain, which devel-
ops HDI hardening. This hypothesis needs to be further studied in
HLS materials. More importantly, dislocation piling-ups at the
domain boundaries, which is crucial for HDI stress evolution, should
be examined. In the following, we focus on the deformation of R80
+260C_20 min samples, which have the best combination of strength
and ductility among the three HLS samples. Since the elastic stage is
not important for dislocation interaction, we will skip this stage.

3.4.1. Elastic-plastic stage
An R80+260C_20 min sample was loaded in tension to 400 MPa,

which was still in the overall elastic stage according to the stress-strain
curve. However, X-ray diffraction (XRD) data in Fig. S3 show that the
dislocation density in the sample has already increased. The further
TEM analysis of the sample is shown in Fig. 6, which is inside a soft
domain. Using two-beam condition [52] (Fig. 6(b) is the diffraction
Fig. 6. (a) A TEM image of dislocations in a soft domain in the elastic deformation stage; (b) t
ferent two-beam conditions.
pattern that guides the setup of two-beam condition imaging), the
burgers vectors of arrow-marked dislocations were determined as
b1=a2 ½110� and b2=a6 ½112�. Comparing the TEM micrographs in Fig. 6
(c)�(e) with that in Fig. 3(b) of a partially recrystallized sample, it can
be concluded that these dislocations were formed during the tensile
deformation. In other words, the soft domains deformed plastically
during the apparently elastic stage. Moreover, Fig. 6(d) suggests that
the dislocations were probably emitted from grain boundaries. Also,
both partial and full lattice dislocations were active in the early defor-
mation stage.
3.4.2. Low plastic deformation (<4.5% true strain)
Fig. 7(a) shows a coarse grain near a domain boundary (marked by

the white dotted line) at the yield point. Two diffraction patterns are
shown in Fig. 7(b) and (c), taken in the center of the grain and near
the boundary, respectively, corresponding to the white circles. The
diffraction at the domain boundary is highly distorted, which indi-
cates that the area near the domain boundary has a higher strain,
containing a higher density of dislocations. Meanwhile, an ultrafine
grain with twins in a hard domain is shown in Fig. 7(d). Several par-
tial dislocations were emitted from twin boundaries (Fig. 7(e)), which
formed stacking faults (SFs) near the twin boundaries, indicating that
small grains in the hard domains started plastic deformation.

With increasing plastic strain, the number of GND in the pile-ups
and the pile-up length will increase. Fig. 8 shows a GND pile-up sce-
nario at 3% plastic strain. The GND pile-ups vary with domain bound-
ary angles. Table 3 is the analysis of 23 different domain boundaries
with different domain boundary angles. As shown in Fig. 8, the num-
ber of piled-up dislocations per unit length (GND density in pile-ups)
at high-angle boundaries (>15 °) is about 1.5 times of those at low-
angle boundaries (5°�15°). Meanwhile, the pile-up length is also lon-
ger at high-angle domain boundaries. The higher GND density in
pile-ups and the longer pile-up length will generate higher HDI
stresses [53]. In other words, high-angle domain boundaries produce
high HDI hardening.
he diffraction corresponding to the circle in (a); (c)�(e) dislocations observed under dif-



Fig. 7. TEMmicrographs of brass at the yield point (a) a coarse grain at domain bound-
ary; (b) and (c) two diffraction patterns from the inside of the grain (b) and near the
boundary (c); (d) an ultrafine grain with twins in a hard domain; (e) high magnification
of the ultrafine grains showing the SFs near twinning boundaries.
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3.4.3. High plastic deformation
Fig. 9(a) shows a domain boundary at 9% plastic strain, as marked

by the white dotted line. Fig. 9(b) and (c) shows that an ultrafine grain
was heavily deformed, and twin boundaries became less coherent due
to the plastic deformation. Partial dislocations were emitted not only
from twin boundaries but also from grain boundaries. In the soft
domains, a high density of dislocation walls and subgrains were
formed, and the dislocation walls became a new source to impede dis-
location movement, as shown in Fig. 9(e). Dislocation tangles were
formed at domain boundaries, indicating that the domain boundaries
began to lose the ability to support further GND pile-ups. Since the
interaction of soft domains and hard domains was weakened at
Fig. 8. TEM images of GND pile-ups at 3% plastic strain at (a) a high-angle d
high-strain levels, the HDI hardening might become weaker and dislo-
cation density hardening probably dominates the strain hardening.

4. Discussion

4.1. Formation of HLS in brass

The most important factor for the formation of HLS brass is the
heterogeneity of deformation during cold rolling [54,55], which elon-
gated the initial coarse grains and produced a high density of disloca-
tion cells and subgrains [56]. Some of these substructures were
further deformed into ultrafine grains with twins [57]. The disloca-
tion cells and elongated ultrafine grains after rolling are shown in Fig.
S1. The soft domains in HLS are from the new recrystallized grains
with early nucleation and high growth rate.

The hard domains are composed of two different types of grains:
elongated ultrafine grains and new recrystallized ultrafine grains. As
shown in Fig. 3(a), some of the elongated grains formed during rolling
were not recrystallized during annealing and maintained sharp
boundaries. The other type was formed by “clustering” of the newly
recrystallized but small grains. During the annealing, dislocation cells
might act as potential heterogeneous nucleation sites for recrystalli-
zation. Due to the variation in the initial cell sizes and cell boundary
misorientations, the mobility of the boundaries of the newly recrys-
tallized grains is different [58,59]. Recrystallized grains having a
lower growth rate ended up with their size still less than 1 mm after
annealing and became part of the hard domains.

The HLS brass in this study is different from the HLS Ti reported
earlier [11]. First, the texture change and average misorientation is
usually small during partial annealing of Ti after rolling [60,61], and
the texture is known to influence the mechanical property of hcp
metals and alloys significantly. However, in isotropic fcc materials
such as brass, the recrystallization often changes the texture by pro-
ducing new grains with high-angle grain boundaries [62,63]. Second,
most grains remained elongated in the hard domains of Ti [11], while
most grains of hard domains in brass here are equiaxed, shown in
Figs. 3(a) and 5, implying that different grain shapes might be needed
to obtain the best combination of strength and ductility in anisotropic
and isotropic materials, respectively [64].

4.2. Strain hardening mechanism

For conventional homogeneous materials, dislocation strengthen-
ing, also known as Taylor hardening, is the primary hardening mech-
anism while straining [43]. However, in heterostructured materials,
omain boundary (>15 °); (b) a low-angle domain boundary (5 °�15 °).



Table 3
GND pile-up analysis at domain boundaries.

Number of
domains

Average misorientation
(°)

Average pile-up
length (mm)

Average number
of pile-up

Number of piled-up
dislocations per unit
length (mm�1)

Average inter-pile-up
spacing (mm)

Low angle domains 11 »13 »0.8 10 12.5 »0.071
High angle domains 12 »28 »1.1 19 17.3 »0.039
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it has been reported that HDI hardening is rather prominent and even
higher than Taylor hardening [10,14]. Both of them, though, are asso-
ciated with GND pile-ups to different extents. A critical issue is to
evaluate and compare their respective roles in the work hardening
process of HLS materials at various applied strains. In this section, we
will discuss the respective evolution of each hardening process and
identify their contributions at different straining stages.

4.2.1. Dislocation strengthening
Dislocation strengthening can be described by Taylor’s equation

[38,65,66]:

sdislocation ¼ MaGb
ffiffiffiffi

r
p ð1Þ

where M is the Taylor factor, G is the shear elastic modulus, b is the
magnitude of the Burger’s vector, r is dislocation density, and a is a
coefficient often taken to be 0.2�0.7. Also, the strain hardening
caused by dislocation accumulation can be described as [67]:

dsdislocation

de ¼ MaGb
d

ffiffiffiffi

r
p
de ¼ MaGb

d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rS þ rG
p

de ð2Þ

where e is the applied strain, rs is the density of statistically stored
dislocations (SSDs), and rG is the GND density.
Fig. 9. (a) a domain boundary with a high density of dislocation; (b)�(c) an ultrafine grain c
grain; (d)-(e) newly formed dislocation cells in the soft domain.
Fig. 10(a) shows the total dislocation density evolution in the
R80_A260C_10 min, R80_A260C_20 min and R80_A260C_30 min
samples at different strain levels. The dislocation density of different
samples was calculated from XRD data, as shown in Fig. S4. The dislo-
cation density in the R80_A260C_10 min sample is almost twice of
that in the R80_A260C_20 min sample at low plastic strains (less
than 4.5%), but their yield strengths are similar, as shown in Fig. 4(a).
Meanwhile, the dislocation hardening rate in the different samples is
shown in Fig. 10(b). The dislocation hardening rate in the
R80_A260C_30 min sample is significantly higher than that in the
R80_A260C_20 min sample at early plastic deformation, but the total
strain hardening rate, as shown in Fig. 4(b), is slightly lower than in
the R80_A260C_20 min sample. Therefore, dislocation hardening
itself is not the dominant work hardening mechanism at the early
plastic deformation stage of the HLS brass, and another hardening
process is expected to play a crucial role at the early plastic deforma-
tion stage. As discussed later, this mechanism is HDI hardening. Addi-
tionally, the inconsistency between the dislocation hardening rate
and total strain hardening rate at early plastic deformation also indi-
cates the inability of the simple rG term in the Taylor equation to cap-
ture the effect of GNDs at domain boundaries. Whereas at the later
straining stage, the predicted order of dislocation-hardening
ontaining a high density of twins in the hard domain and dislocations evolution in the



Fig. 10. (a) dislocation density evolution at different strain levels of samples annealed for different time; (b) normalized dislocation hardening rate (Dr1/2/De) /(MaGb) at different
stain levels for samples annealed for different time.
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effectiveness in three samples agrees well with the measured overall
working hardening rate in Fig. 4(b). Thus, dislocation hardening is
predominant at high plastic deformation stage.

4.2.2. HDI hardening
Fig. 11 shows the HDI stress of different partially recrystallized

samples. HDI stress was measured by using the loading-unloading-
reloading (LUR) test [10,11,68], and the sample geometry is the same
as in the uniaxial tensile test. The method to calculate HDI stress was
proposed by Yang et al. [68]:

sHDI ¼ sr þ su

2
ð3Þ

wheresHDI is the HDI stress, sr is the reloading yield stress, su is the
unloading yield stress. In our calculation, unloading yield stress is
defined as the point where elastic modulus reduction is 10% in
unloading state [68].

The R80_A260C_20 min sample has the highest HDI stress, which
is the reason for its high yield stress. Meanwhile, HDI hardening
became a substantial part of the total strain hardening, which
Fig. 11. (a) Loading�unloading�reloading (LUR) test to measure
influences the ductility. The HDI hardening is defined as,

QHDI ¼ dsHDI

de ð4Þ

where QHDI is the slope in Fig. 11(b), sHDI is the HDI stress. At a rel-
atively low strain level (less than 7% in Fig. 11(b)), the HDI harden-
ing dominated the total strain hardening. Specifically, the HDI
hardening is »1 GPa between 2% and 7%, which is the main compo-
nent for the total strain hardening. In comparison, due to the low
HDI hardening in the R80+A260C_10 min sample, the ductility of
the sample is significantly lower than R80+A260C_20 min and
R80+A260C_30 min samples.

Fig. 11 shows that the HDI stress initially increased with applied
strain almost linearly for strains far beyond yielding, indicating the
continuous accumulation of GNDs near the domain boundaries dur-
ing the plastic deformation. The HDI hardening can be regarded as
the slope of the curve in Fig. 11(b). As shown, the HDI hardening is
more significant at low plastic strains and the R80+A260C_20 min
sample has the highest value among the three, coinciding with the
overall working hardening behavior and confirming the dominating
the HDI stress; (b) HDI stress calculated from the LUR curves.
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role of HDI hardening in early deformation stage. The HDI hardening
becomes weaker at large applied strains, possibly because the inter-
actions of the GNDs with gliding dislocations make it more difficult
to accumulate GNDs effectively at domain boundaries. At high flow
stresses, it is also possible for the dislocations to be pushed into the
domain boundaries, or to cross slip if the stacking fault energy (SFE)
is not too low [34]. SFE is expected to have a significant effect on the
GND piling-up, and consequently on the HDI hardening. For example,
Fig. 8 shows well developed GND pile-ups in the low SFE brass. How-
ever, this was not observed in the in-situ observation during the
deformation of copper [34], in which Frank�Read dislocation sources
were found to be dynamically activated and deactivated. GND pile-
ups often disappear when a Frank�Read source was deactivated. The
different dislocation activity between copper and brass is probably
because copper has a much higher SFE than brass, making it easier
for dislocations to cross-slip. This issue needs to be further studied.

4.3. Domain misorientation influence on HDI hardening

It has been reported [30,31,69,70] that the domain thickness and
inter-domain spacing are critical factors to influence HDI hardening.
There exists an optimum spacing that corresponds to the maximum
distance for GNDs pile-up [30,31]. Although the R80+A260C_10 min
and R80+A260C_20 min samples have similar average thickness and
inter-distance of soft domains, as shown in Table 1, the uniform elon-
gation of the R80+A260C_20 min sample is »80% higher than that
of the R80+A260C_10 min sample, while the yield strength for
these two samples is almost the same. Thus, there should be other
source(s) to influence the HDI hardening in the present scenario. The
microstructural parameter with the most dramatic difference in these
two samples is domain boundary misorientation, as shown in Fig. 5,
which is potentially another crucial parameter that influences HDI
hardening.

The role of domain boundary misorientation on HDI hardening
has been not well studied so far. Wu et al. [11] reported extraordinary
HDI hardening in Ti fabricated by asymmetric rolling and partial
recrystallization. Variation of misorientation across domain boundary
was not considered, because it changes little (usually less than 5°) in
the partially annealed Ti [60]. Ma et al. and Huang et al. utilized lami-
nated materials to study the influence of domain interface on HDI
stress [30,31]. However, the effect of misorientation was not among
the factors studied. In our HLS brass, the most significant difference
between R80+A260C_20 min and R80+A260C_10 min samples is the
misorientation across domain boundaries, whose averages are 35°
and 20°, respectively. As provided in Table 3, the average GND den-
sity in pile-ups and the pile-up length are significantly larger at the
high-angle domain boundaries than those at low-angle counterparts.
As discussed earlier, higher GND pile-up density and longer pile-up
length are expected to produce higher HDI stress [34,53], which con-
sequently produces higher HDI hardening, as verified in Fig. 11(b).
Meanwhile, high-angle domain boundaries are capable of storing
more dislocations [71], which could provide more space for GND
pile-ups. Another reason for high domain misorientation to generate
high HDI stress is the difficulty for slip transfer [72]. Thus, more dislo-
cation pile-ups are needed to accumulate stress and activate slip sys-
tems across the domain boundary. As such, the HDI hardening at the
presence of high-angle domain boundaries becomes much more sig-
nificant.

5. Conclusion

Heterogeneous lamellar structure (HLS) brass samples, with a
superior combination of strength and ductility, were fabricated
by rolling and partial recrystallization. The volume fraction of soft
domains, the thickness/spacing of soft domains and the misorien-
tation of domains were found to affect HDI hardening. The strain
hardening behavior and mechanisms at different plastic deforma-
tion stages were investigated. The main conclusions are summa-
rized below:

1. There exists an optimum HLS structure for the best combination
of strength and ductility. This optimum structure for HLS brass
was produced by rolling and partial recrystallization in the
R80_260C_20 min sample.

2. The HLS brass has three deformation stages: (1) coarse grains
firstly deform at elastic stage; (2) dislocation pile-ups are formed
due to the plastic strain gradient at the domain boundaries, and
the pile-up length and inter-spacing increase with the applied
plastic strain; (3) at high plastic strain, dislocation entanglement
is formed at the domain boundary, and new cell boundaries
become new sites for dislocation pile-ups.

3. At the early plastic deformation stage (true strain<4.5%), HDI hard-
ening was the primary hardening mechanism for HLS brass, which
corresponds to the GND pile-ups at domain boundaries. At high
strain level (true strain level higher than 7%), dislocation hardening
becomes more important, and a high density of dislocation cells
was formed inside soft domains, which indicates that the interac-
tion between soft and hard domains becomes weaker.

4. Besides the volume fraction and the thickness/spacing of soft
domains, domain misorientation is suggested to be another cru-
cial heterostructural parameter that significantly influences HDI
hardening.
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