
Contents lists available at ScienceDirect 

Journal of Alloys and Compounds 

journal homepage: www.elsevier.com/locate/jalcom 

Research Article 

Achieving maximum strength-ductility combination in fine-grained  
Cu-Zn alloy via detwinning and twinning deformation mechanisms 

Lei Gu, Ningning Liang⁎, Yuyao Chen, Yonghao Zhao⁎ 

Nano and Heterogeneous Materials Center, School of Materials Science and Engineering, Nanjing University of Science and Technology, Jiangsu 210094, China    

a r t i c l e  i n f o   

Article history: 
Received 6 December 2021 
Received in revised form 6 February 2022 
Accepted 27 February 2022 
Available online 3 March 2022  

Keywords: 
Cu- 30 wt% Zn alloy 
Strength and ductility 
Annealing twin 
Detwinning 
Twinning 

a b s t r a c t   

Although deformation twinning has been demonstrated to improve the strain hardening and ductility of 
metals and alloys with low stacking fault energies (SFEs), the optimum grain size for maximum strength- 
ductility combination still needs to explore. In this work, we selected Cu- 30 wt% Zn alloy with extremely 
low SFE (7 mJm-2) acting as a model material. Specifically, Cu- 30 wt% Zn samples with different grain sizes 
ranging from 628 nm to 30.6 µm were prepared by equal-channel-angular pressing (ECAP) and subsequent 
annealing. Tensile test revealed that the maximum strength-ductility combination (ultimate tensile 
strength of 565 MPa and ductility of 20%) corresponds to a mean grain size of 3.8 µm. Electron backscatter 
diffraction (EBSD) indicated that pre-existing annealing twins in fine-grained Cu- 30 wt% Zn alloy annihi-
lated at the initial deformation stage (<10% tensile strain) via detwinning of thin twin lamellae (<1 µm) and 
conversion of twin boundaries of thick twin lamellae (>1 µm) into conventional high-angle grain bound-
aries. In the later stage of deformation (>10% strain), deformation twinning occurred in grains with <111> 
orientation parallel to tensile direction, suggesting the combination of both detwinning and twinning de-
formations caused the maximum strength and ductility synergy. Our findings provide insights into opti-
mization of strength and ductility of metals with low SFEs and detwinning-twinning deformation 
mechanisms. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

Face-centered cubic (fcc) metals and alloys with low stacking 
fault energies (SFEs), such as Fe-Mn based alloys [1–5], Cu alloys  
[6–10], high- and medium-entropy alloys [10–18], have been widely 
reported to possess high tensile strength, good ductility and en-
hanced strain hardening rate due to twinning-induced-plasticity 
(TWIP) and transformation-induced-plasticity (TRIP) effects. For 
example, the SFE of pure Cu (~78 mJm-2) can be significantly reduced 
by alloying with the addition of Al contents (Cu- 0.86 wt% Al: 
~38 mJm-2; Cu- 2.2 wt% Al: ~20 mJm-2) and the lower SFEs provided 
more TWIP effect [6–10]. For high-entropy Cantor alloy, by manip-
ulating the atomic composition ratio, the SFEs can be further re-
duced less than 10 mJm-2 and the tensile properties were therefore 
improved [16–18]. Compared to metals with high SFEs, such as pure 
Al [19,20], Cu [21], Ni [22,23], etc., alloys with low SFEs have the 
significantly improved strain hardening capacity due to TWIP and 
TRIP effects. 

Inspection of literatures indicated that traditional strengthening 
mechanisms by introducing grain boundaries (GBs) and dislocation 
substructures unexceptionally result in dramatically decreased 
ductility [24–26]. On contrast, introducing high-density twin 
boundaries (TBs) in materials increases the yield strength (YS) 
without sacrificing ductility too much [27,28]. Lu et al. [27] reported 
that the nano-twinned Cu possesses a high YS of 980 MPa and a 
basically equivalent ductility (13%) compared with ultrafine-grained 
(UFG) Cu counterpart due to the pre-existing nanoscale twin la-
mellae in sub-micrometer-sized grains. Similarly, Duan et al. [29] 
fabricated nano-twinned Ni with an ultra-high strength of 4 GPa and 
an average twin thickness of 2.9 nm. The authors attributed the 
strengthening to the much more stable TBs than conventional GBs 
because TBs are effective barrier on the nucleation and motion of 
dislocations [30]. Not only pre-existing twins can improve the 
strength [27,28], deformation twinning can also significantly en-
hance the ultimate tensile strength (UTS) and ductility by blocking 
and accumulating dislocations during plastic deformation process  
[6–10]. More recently, Liu et al. [31] found that numerous de-
formation twins formed in Cu-Zn alloys with low SFE during surface 
mechanical attrition treatment. These twins further formed the 
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accumulation of geometrically necessary dislocations (GNDs) and 
strong hetero-deformation induced (HDI) hardening effect. 

According to the traditional dislocation theory, a full dislocation 
in fcc crystals tends to dissociate into two partial dislocations on the 
{111} plane in order to lower its energy. With the reduction of the 
SFEs, the separation distance between the partial dislocations be-
comes larger, contributing to increased twinning tendencies. 
Szczerba et al. [32] found that deformation twinning was activated 
at the range of the SFEs between 4 mJm-2 (the lower SFE limit) and 
7.5 mJm-2 (the upper SFE limit) in Cu-Al single crystals under ten-
sion. When the SFE is lower than 4 mJm-2, the crystal lattice shear 
was produced by slip prior to twinning due to the incremental 
twinning stress. Our previous investigations systermetically re-
vealed that twin nucleation size (i.e. twin thickness) of Cu-Al and 
Cu-Zn alloys increases first and then decreases with decreasing SFEs, 
that is, there exists an optimum SFE for twin nucleation [33]. In 
addition to SFE, microstructures such as grain size and grain or-
ientation may also influence the twinning stress. Systematic studies 
about the grain size effect on deformation twinning have been re-
ported in Refs. [34,35]. In the coarse-grained region, deformation 
twinning becomes more difficult with decreasing grain size due to 
the rapidly increased critical stress for twinning. However, in the 
nanocrystalline (nc) region, there exists an optimum grain size range 
for the activation of deformation twinning [34,35]. Moreover, twin 
thickness was found to decrease with decreasing grain size, and 
when the grain size is smaller than about 20 nm for Cu- 30 wt% Zn 
alloy, stacking faults with one atomic layer can only form [36,37]. 
Our more recent studies also revealed ternary relation among SFE, 
grain size and twin nucleation size in nc and UFG Cu-Al and Cu-Zn 
alloys [33,38–40]. In addition to the grain size, it is well known that 
many external factors, for instance, deformation temperature and 
strain rate, may influence the deformation twinning [41,42]. 

Deformation-induced detwinning deformation in fcc metals and 
alloys has been observed under tension-compression cyclic loading 
experiments [43–46]. In a Cu-Al single crystal, a layered twin-matrix 
sample was obtained by specially designed uniaxial tension, and 
during uniaxial compression detwinning occurred [43]. Szczerba 
et al. found that the detwinning was activated in a confined area 
where a localized deformation region was created in the form of kink 
bands and the crystal lattice rotation was also generated [44]. Re-
cently, in-situ direct observation of twinning/detwinning in a TWIP 
steel was performed by tensile and reversed cyclic tests in a scan-
ning electron microscopy (SEM) [46]. The authors found that det-
winning did not start at the onset of stress reversal, but required a 
sufficient variation of the stress close to the absolute value of twin 
nucleation stress. In addition to the above detwinning results, few 
studies on deformation-induced detwinning of growth twins were 
also reported in literatures [47–50]. For example, in the electro-
deposited nc Ni- 20 wt% Fe alloy, the pre-existing growth twins in 
grains smaller than 35 nm annihilated by detwinning after five turns 
of high pressure torsion (HPT) processing [47,48]. The authors be-
lieved that detwinning of growth twins was caused primarily by the 
dislocation-twin interactions and was more readily activated in nc 
grains due to the higher flow stresses. By in-situ nano-indentation 
studies on an epitaxially grown nano-twinned Cu foil, detwinning 
was revealed through a collective glide of the Shockley partial dis-
locations [51,52]. Unit dislocations usually dissociate at TBs to form 
partial dislocations which slip along TBs and result in a detwinning 
process [30,51,52]. 

Although both twinning and detwinning processes have been 
revealed as deformation mechanisms of fcc alloys with low SFEs, 
how to use them to obtain maximum strength-ductility combination 
has not been reported. In this work, brasses (Cu- 30 wt% Zn) with 
different grain sizes ranging from UFG to micro regions were 

fabricated by equal-channel-angular pressing (ECAP) combined with 
subsequent annealing. We achieved a maximum combination of 
tensile strength and ductility corresponding to a mean grain size of 
3.8 µm. The microstructural evolutions and deformation mechan-
isms of all samples during tension were investigated by electron 
backscattered diffraction (EBSD) characterization in details. We re-
vealed detwinning of pre-existing annealing twins at initial de-
formation stage and twinning at later deformation stage of which 
both result in the excellent strength-ductility combination. 

2. Experimental materials and procedures 

2.1. Sample preparation 

As-received commercial Cu- 30 wt% Zn alloy rods with a dia-
meter of 10 mm and a SFE of ~7 mJm-2 were first annealed at 600 °C 
for 1 h, and processed by ECAP using route Bc at 220 °C for three 
passes and then at 280 °C for two passes. During ECAP processing, 
the sample rod was rotated 90° after each pass, and detailed pro-
cessing can be referred to our previous reports [36,37,53]. After 
ECAP, the deformed sample rods (designated as ECAPed sample) 
were annealed at 250 °C for 200 min, 400 °C for 40 min and 500 °C 
for 2 h under Ar atmosphere, which were designated as partially 
recrystallized (PR), fine-grained (FG) and coarse-grained (CG) sam-
ples, respectively. 

2.2. Tensile testing 

The tensile tests were performed using a custom-built computer 
controlled tensile test machine with a displacement resolution of 
0.05 mm, a load resolution of 0.1 N and a constant strain rate of 
10-3 s-1. Flat dog-bone tensile specimens with a gauge cross-section 
of 1 × 0.5 mm and a length of 3 mm were electro-discharge ma-
chined from the sample rods. The tensile specimen axis was per-
pendicular with the direction of ECAP extrusion. Three tensile 
specimens were prepared for each sample rod to obtain repeatable 
experimental results. 

2.3. Microstructure characterizations 

Microstructural and grain orientation evolutions of Cu- 30 wt% 
Zn samples during tension were characterized by EBSD. First, the 
grip parts of the tensile specimens were used to analyze the initial 
undeformed microstructures. Second, the gauge areas of tensile 
specimens after the tensile deformed ~6% for the PR sample and 
~10% for the FG and CG samples were selected for analysis of the 
early deformation stage. Third, the gauge parts of the fractured 
tensile specimens (~17% for the FG and ~23% for the CG samples) 
were used to analyze the later stage of deformation. The EBSD 
samples were mechanically polished first and then followed by 
electro-polishing using an electrolyte consisting of 85% phosphoric 
acid and 15% deionized water with a voltage of 2.1 V at room tem-
perature. EBSD measurements were performed on Carl Zeiss Auriga 
focused ion beam scanning electron microscope equipped with an 
Oxford Instruments Aztec system (channel 5 software). EBSD scan-
ning step size was chosen as 50 nm for all samples. The fracture 
surfaces were imaged by an FEI-XL30 SFEG SEM using a 20 kV 
beams. Transmission electron microscopy (TEM) observations were 
carried out on a FEI TECNAI 20 electron microscopy operated at 
200 kV. Cross-sectional TEM specimens were cut parallel to tensile 
direction (TD), polished to a thickness of ∼30 µm, and then perfo-
rated by ion milling. 
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3. Results 

3.1. Mechanical properties 

The representative engineering stress-strain curves of the 
ECAPed, PR, FG and CG Cu- 30 wt% Zn samples are compared in  
Fig. 1a. First, the CG sample has a YS of 50 MPa, a UTS of 350 MPa and 
a high ductility of 24%, as listed in Table 1. The ductility value is 
smaller than literature reported value (40%) because the small size of 
tensile specimen used here [54]. Our previous investigations re-
vealed that the small cross section area of tensile specimens can 
reduce both uniform elongation and post necking part of the tensile 
curve due to the changes of fracture mechanisms from normal to 
shear fracture [55,56]. ECAP processing enhanced the YS up to 
590 MPa but lower the tensile ductility down to 8%. Moreover, there 
is almost no uniform elongation and necking occurred immediately 
after yielding, resulting in the low ductility. After annealing, the 
strain hardening capacity was enhanced and the ductility rapidly 
increased. The PR sample annealed at 250 °C for 200 min has a re-
duced YS of 450 MPa and UTS of 500 MPa as well as ductility of 
approximate 9%. After annealing at 400 °C for 40 min, the YS of the 
FG sample was further decreased to 250 MPa. However, there exists 
a large strain hardening rate causing the tensile curve keeps going 
up and high UTS of 565 MPa as well as a high ductility of 20%, re-
spectively. Notably, the ductility of the FG sample is close to the CG 
sample (24%). If we use the difference between UTS and YS to 
quantitatively characterize the strain hardening capability, then we 
found that the FG sample has an approximately similar or even 
slightly larger strain hardening capability (315 MPa) compared with 
the CG sample (300 MPa). This indicates that the FG sample has a 

best combination of UTS and ductility due to its high strain hard-
ening capacity. The strain hardening exponent n was usually used for 
evaluating strain hardening rate, of which values, simulated by 
Hollomon equation [57] are 0.41 for CG, 0.45 for FG and 0.15 for PR 
samples, further verifying the larger strain hardening capability of 
the FG sample compared with the CG sample. 

Additionally, stress serrations are clearly visible on tensile curves 
of the FG and CG samples in Fig. 1a. The common causes of this 
phenomenon mainly include [58–60]: (1) the interaction between 
dislocation slip and solute atoms or nanoscale precipitates; (2) stress 
release caused by continuous twinning; (3) stress-induced phase 
transition. Magnified details of the tensile curves are presented in  
Fig. 1b and c. It is observed that compared with the CG sample the 
stress serrations in the FG sample occurred at the earlier strain stage 
and shows larger amplitude. For the FG sample, the serration be-
havior started at the tensile strain of 3% and the stress serration 
amplitude was ~10 MPa. With the tensile strain increased to 6%, the 
amplitude decreased and stabilized at ~5 MPa. The different serra-
tion behaviors in the FG sample were caused by initial detwinning 
and later twinning process, as revealed by EBSD analysis. For the CG 
sample, the serration behavior started at the tensile strain of 8% and 
the amplitude gradually increased and stabilized at ~2 MPa. The CG 
sample has a lager grain size and can store more dislocations under 
tension, resulting in dislocation slip at the earlier strain stage and 
twinning at later stage. 

3.2. Initial microstructures before tensile tests 

3.2.1. Initial microstructures of ECAPed sample 
The EBSD results of the ECAPed Cu- 30 wt% Zn sample are shown 

in Fig. 2. The crystal orientation map with the color code (red, blue 
and green indicate grains have < 001  > , < 110  > and < 111  > 
directions parallel to the Z axis) shows a large number of randomly 
oriented grains in the ECAPed sample (Fig. 2a), indicating that there 
is no obvious fiber texture along the direction of ECAP extrusion. 
Boundaries with misorientation angles >  2° were considered as low- 
angle grain boundaries (LAGBs, 2°–15°) and high-angle grain 
boundaries (HAGBs, > 15°) including TBs at 60°, which are marked by 
yellow, black and red lines in Figs. 2b and 2c, respectively. From the 
EBSD GB map (Fig. 2b), the ECAPed sample is composed of plenty of 

Fig. 1. (a) Tensile engineering stress-strain curves of the ECAPed, PR, FG and CG Cu- 30 wt% Zn samples. (b) and (c) are the corresponding serration behavior of the FG and CG 
samples, respectively. The inset in (a) shows the fractured tensile specimens. 

Table 1 
Lists of yield strength (YS), ultimate tensile strength (UTS), strain hardening capability 
(the difference between UTS and YS, σUTS - σ0.2), uniform elongation εue and elongation 
to failure εef of the ECAPed, PR, FG and CG Cu- 30 wt% Zn samples.        

Samples YS, MPa UTS, MPa σUTS - σ0.2, MPa εue, % εef, %  

ECAPed 590 605 15 3 8 
PR 450 500 50 6 9 
FG 250 565 315 17 20 
CG 50 350 300 23 24 

L. Gu, N. Liang, Y. Chen et al. Journal of Alloys and Compounds 906 (2022) 164401 

3 



UFG grains and a few lamellar micron grains. The color variations in 
each individual micro grain interior (Fig. 2a) indicate the large 
changes of interior misorientation caused by pronounced dislocation 
accumulation (yellow color in Fig. 2b) and deformation twinning 
(red lamellae in Fig. 2c). These results indicate that numerous dis-
location cells and high-density dislocation entanglements as well as 
deformation twins were produced by ECAP processing. The sub- 
micrometer grains, easily seen from the enlarged view in Fig. 2d, are 
likely to form as a result of dynamic recrystallization during ECAP 
processing. 

Fig. 2e is the statistical result of grain size and the average grain 
size is 628 nm. The GB misorientation angle distribution of the ECAPed 
sample is shown in Fig. 2 f, and the longitudinal coordinates "Fraction" 
in Fig. 2f is corresponding to the fraction of length. The ECAPed sample 
has dominant LAGBs (~65%). The HAGBs (~35%) also include ~7.4% TBs 
of the total GBs length. Moreover, the deformation twins have an 
average lamella thickness of 576 nm (Fig. 2 g). Therefore, the ECAPed 
sample was almost filled with deformed structures containing high- 
density dislocations, LAGBs, deformation twins, resulting in nearly null 
strain hardening capacity under tension. 

3.2.2. Initial microstructures of PR sample 
Fig. 3 shows the microstructures of the PR, FG and CG Cu- 30 wt 

% Zn samples. The PR sample has a mixed microstructure including 
recrystallization zone (white area in Fig. 3c) and deformation 
matrix (yellow area in Fig. 3c). The dashed area in Fig. 3c shows 
fully recrystallized coarse grains and UFG grains, which nucleated 
and grown inside the severely deformed grains. Plentiful annealing 
twins (marked by white arrows in Fig. 3e) with thicker twin la-
mellae were observed in randomly orientated recrystallized grains. 
The annealing growth twins are morphologically different from 
deformation twins (marked by black arrows in Fig. 3e). The former 
are stepped and parallel lamellar and the later are lenticular or 
wedge-shaped. 

The non-recrystallized deformed matrix is still composed of high 
densities of dislocations and deformation twins (Fig. 3c and e). It is 
also verified from the statistical data in Figs. 4a and d that the 
fraction LAGBs is still high (~51%) and the average grain size is in-
creased from 628 nm to 1.3 µm. The distributions of statistical la-
mellar twin thickness are shown in Fig. 4g, and the average lamella 
thickness of the PR sample is ~503 nm. 

Fig. 2. EBSD maps of (a) crystal orientation, (b) grain boundary (GB) and (c) image quality with Σ3 twin boundary of the ECAPed Cu- 30 wt% Zn sample. The low- and high-angle 
grain boundaries (LAGBs: 2°–15°, HAGBs: > 15°) and twin boundaries (TBs: 60°) are marked by yellow, black and red lines, respectively. (d) The enlarged view of the square area in 
(a). (e–g) Histograms of grain size (e), GB misorientation angle (f) and the twin lamella thickness distributions (g) of the ECAPed sample. d: average grain size. IPF color of Z0 is 
applied. 
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3.2.3. Initial microstructures of FG and CG samples 
As shown in Fig. 3b and g, both FG and CG samples consist of 

randomly oriented equiaxed micron-sized grains with HAGBs. Al-
most uniform color contour in individual grain interior indicates 
slight changes of interior misorientation and lower dislocation ac-
cumulation as well as full recrystallization. The FG and CG samples 
have the average grain sizes of 3.8 µm and 30.6 µm, respectively 
(Fig. 4b, c). 

As shown in Fig. 3f and i, both FG and CG samples have high 
densities of annealing twins inside the recrystallized grains. For the 
FG sample, the average lamella thickness is 481 nm, as shown in  
Fig. 4h. The statistical distributions of lamellar twin thickness in  
Fig. 4h also revealed that most annealing twins have thickness 
smaller than 1 µm, while a small amount of twins have a thickness 
greater than 1 µm. It is worth noting that twins with thickness 
smaller than 50 nm cannot be identified by the EBSD technique due 

Fig. 3. EBSD crystal orientation, GB and image quality maps of (a, c, e) PR, (b, d, f) FG and (g, h, i) CG Cu- 30 wt% Zn samples. The LAGBs, HAGBs and TBs are marked by yellow, black 
and red lines, respectively. IPF color of Z0 is applied. The dashed area in (c) shows the recrystallized area. The annealing twins were pointed by white arrows and the deformation 
twins were pointed by black arrows in (e). The corner, isolated and stepped annealing twins were pointed by blue, white and purple arrows in (f), respectively. 
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to its limited resolution. Therefore, we also performed TEM ob-
servation in order to supplement EBSD information. The average 
twin lamella thickness of the FG sample, counted from TEM images 
(Fig. 10a), is 315 nm, smaller than the EBSD results. This is because 
there is small amount of annealing twins (about 10%) with thickness 
smaller than 50 nm. Nevertheless, the results of EBSD statistics are 
still comparable due to the same error. In addition, Fig. 3f also re-
vealed most annealing twins nucleated at HAGBs but did not grow 
fully to the opposite HAGBs, terminated at grain interiors and re-
tained growth steps, as marked by purple arrows in Fig. 3f. The 
stepped twins are also found in TEM image (Fig. 10a). The typical 
coherent twin relationship was verified by the selected-area electron 
diffraction (SAED) pattern in Fig. 10b. Some annealing twins pointed 
by white arrows in Fig. 3 f are completely isolated within the grains 
indicating they nucleated at grain interiors. Also, some corner twins 
pointed by blue arrows in Fig. 3f nucleated at triple GB junctions. For 
the CG sample, the wide and straight twin lamellae can be seen in  
Fig. 3i, morphologically different from those in the FG sample. These 
twins usually traversed the grains and part of them terminated at 
the interior. Due to more fully annealing, twins in the CG sample 
grew thicker with an average lamella thickness of 8.7 µm. 

The distributions of GB misorientation angles of the FG and CG 
samples are shown in Fig. 4e–f, respectively. The peak at 60° is 
corresponding to Σ3 coincident-site lattice TBs. The FG sample has 
~97% HAGBs and ~62% TBs. The CG sample has the similar HAGBs 
fraction of ~90%, but lower TBs fraction of ~37%. With further an-
nealing, the proportion of TBs dramatically decreased due to the 
grain growth. Considering that TB is a kind of HAGB with specific 
angle, the ratio of TBs and HAGBs length was calculated and desig-
nated as T/H. The T/H in the FG sample is ~63.9%, much higher than 
that in CG sample (~41.1%), indicating that the FG sample has higher 
density of annealing twins. 

3.2.4. Local misorientation maps of initial samples 
The local misorientation maps of the ECAPed, PR, FG and CG Cu- 

30%Zn samples are shown in Fig. 5. Blue regions represent smaller 

local misorientation and have lower density of GNDs. Conversely, 
green and red regions have higher stored strain energy. The ECAPed 
sample has high GNDs density and stores large plastic strain energy 
(Fig. 5a). These stored energy facilitated dislocations migration, re-
arrangement, and annihilation during annealing. Kernel average 
misorientation (KAM) value of the ECAPed sample is 1.66°, as shown 
in Fig. 5e. The PR sample shows partial blue region and green region, 
as shown in Fig. 5b. The blue regions are recrystallized grain areas 
and the green regions are relative to deformed areas, consistent with  
Fig. 3a. Intuitively, the KAM value of the PR sample in Fig. 5e shows a 
bimodal distribution due to the partially recrystallized micro-
structures with an average KAM value of 1.19°. The FG and CG 
samples have fully recrystallized after annealing and have larger 
KAM values in the area close to conventional HAGBs and TBs and 
comparatively smaller KAM values in the interior of the grains. The 
average KAM values of FG and CG are 0.22° and 0.19°, respectively. 

The GNDs density has linear relation with the average KAM value 
and can be calculated by the formula from the strain gradient theory 
by Gao [61] and Kubin [62]: 

=
ub

2 KAM

(1) 

where ρ is the GNDs density; u is the unit length, equal to twice the 
step size, which is 50 nm, used in EBSD acquisition; b is the Burgers 
vector (0.261 nm in use); KAM is the average KAM value. The cal-
culated GNDs densities are 2.2 × 1015 m-2 for the ECAPed, 1.6 × 1015 

m-2 for the PR, 3 × 1014 m-2 for the FG and 2.6 × 1014 m-2 for the CG 
samples, as listed in Table 2. 

3.3. Microstructural evolutions during tensile deformation 

Microstructural evolutions of the PR, FG and CG Cu- 30 wt% Zn 
samples during tensile testing were performed by EBSD. Specifically, 
deformation mechanisms in low strain stage (~6% for PR, ~10% for FG 
and CG) and high strain stage (~17% for FG and ~23% for CG) were 
analyzed. 

Fig. 4. Distributions of grain size, GB misorientation angle and lamellar twin thickness of (a, d, g) PR, (b, e, h) FG and (c, f, i) CG Cu-30%Zn samples. d: average grain size.  
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3.3.1. Deformation at low strain stage 
The microstructures of the PR Cu-30%Zn sample with 6% tension 

are shown in Fig. 6. The double sided arrow indicates TD. Due to the 
existed deformed structure, further plastic deformation hardly oc-
curred in these areas during tensile test. In the recrystallized area, 
delineated by black dotted line in Fig. 6b, grains underwent obvious 
plastic deformation. IPF colors of these grain interiors have changed 
significantly and there are a small amount of LAGBs (Fig. 6a, b). As a 
result, the LAGBs fraction was increased from ~51% for the un-
deformed PR sample to ~55% after tension (Fig. 6e). The deformation 
of the recrystallized grains can be further verified by the local mis-
orientation map, as shown in Fig. 6d, which exhibited green color 
and revealed high-density dislocations in these grains. The average 
KAM value increased from 1.19° (undeformed PR sample) to 1.52° 
after 6% tension (Fig. 6f). The initial deformation twin lamellae are 
retained in deformed matrix after tension (Fig. 6c), and no evident 
further twinning was observed in the recrystallized grains due to 
low tensile strain. These observations indicate the main deformation 

mechanism of the PR Cu-30%Zn sample is dislocation slip in re-
crystallized areas. 

Fig. 7 shows the crystal orientation, grain boundary and image 
quality maps of the FG and CG Cu- 30 wt% Zn samples after 10% 
tension. It is apparent that all grains are elongated along TD, as 
observed from all maps. Pronounced orientation variations and a 
large number of LAGBs can be observed inside nearly all of the grains 
(Fig. 7c, d), due to numerous dislocations accumulation and en-
tanglement. The LAGBs fraction of the FG and CG samples increased 
from ~3% to ~53% and ~10% to ~72%, respectively. Furthermore, ex-
cept many parallel slip lines produced in all grains (marked by green 
arrows), multiple slip systems were even activated in certain in-
dividual grain, as marked by black lines in Fig. 7f. Moreover, most 
stepped and isolated ultrafine lamellar growth twins in the FG 
sample (marked by blue, purple and white arrows in Fig. 3f) anni-
hilated by detwinning under 10% tension causing a significant de-
crease in TB fraction (Fig. 7g, h). The length fraction of TBs decreased 
sharply from ~62% to ~5.7% for the FG sample (Fig. 7g, h). In addition, 
the original micro-sized annealing twins (T1 and T2 in the FG 
sample; T3-T5 in the CG sample) also gradually deviate from their 
twin relationship, resulting in the disappearance of TBs (Fig. 7e, f). 
The TBs length fraction of the CG sample decreased sharply from 
~37% to ~3.5%. The ultrafine twin lamellae annihilated via detwin-
ning and the micro twin lamellae via conversion of TBs into con-
ventional HAGBs of which mechanisms will be discussed in Section 4 
below. 

Except above mentioned numerous longitudinal slip bands and 
detwinning, a few deformation twins (pointed by black arrows in  

Fig. 5. The local misorientation maps of (a) ECAPed, (b) PR, (c) FG and (d) CG Cu- 30 wt% Zn samples. The inset in (c) is the rainbow color bar (blue to red represent low to high 
misorientation). (e) The corresponding Kernel average misorientation (KAM) value distributions of the four samples. K : average KAM value. 

Table 2 
Lists of HAGBs fraction (FHAGBs), average twin lamella thickness (T ), average grain 
size (d) and the density of GNDs (ρ) of the ECAPed, PR, FG and CG Cu- 30 wt% Zn 
samples from EBSD data.       

Samples FHAGBs (%) T (μm) d (μm) ρ (m-2)  

ECAPed 35  0.576  0.628 2.2 × 1015 

PR 49  0.503  1.3 1.6 × 1015 

FG 97  0.481  3.8 3 × 1014 

CG 90  8.7  30.6 2.6 × 1014 
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Fig. 7e, f) were also produced in grains with favorable orientation. 
These deformation twins are thin, lenticular and parallel to each 
other, different from the morphologies of pre-existing annealing 
twins. From the distributions of lamellar twin thickness in Fig. 7i and 
j, one can see that high fraction of thinner deformation twin la-
mellae were produced and caused the average thickness decreased 
from initial 481–262 nm for the FG sample and from 8.7 µm to 
1.6 µm for the CG sample, respectively. Careful observation reveals 
that deformation twinning occurred in grains with high orientation 
gradients, like grains A and B in Fig. 7a. Grains with high orientation 
gradients mean these parent grains have high dislocation densities 
and localized stress concentrations. Moreover, these deformation 
twins nucleated at HAGBs and grew into the grain interior, nearly 
perpendicular to TD. The above deformation twins with smaller 
thickness than annealing twins was further verified by TEM ob-
servation. As shown in Fig. 10c, high-density nanoscale twin bundles 
emit from the grain boundary and penetrate the grain. The average 
lamellar thickness of these deformation nanoscale twins is 26 nm, 
which were unidentifiable by EBSD. It was widely reported that with 
increasing grain size the critical stress required for twinning de-
creases and deformation induced-twinning becomes easier in coarse 
grained metal and alloys [33]. However, we observed twinning tends 
to occur in some small grains here, such as grain A in Fig. 7a, because 

of the larger stress concentration in small grains than that in large 
grains. Another important influence factor of grain orientation may 
play a key role in governing twinning behavior, which will be dis-
cussed in the next section. Therefore, for the FG sample, detwinning 
of annealing twins, dislocation glide, slightly twinning are the main 
deformation mechanism at early strain stage. 

Fig. 8 shows the local misorientation maps for the FG and CG 
samples after 10% tension. The obviously inhomogeneous deformation 
at microscale occurred in the FG and CG samples. For the FG sample 
(Fig. 8a), the HAGB neighboring areas were severely deformed, as re-
vealed by the green color with high density of dislocations, and grain 
interiors were almost not deformed, as shown by the blue color with 
low dislocation densities. This inhomogeneous plastic deformation is 
mainly resulted from the presences of HAGBs and grain orientation. 
The CG sample also has high density dislocation near HAGBs (Fig. 8b). 
Moreover, the green lines inside grains are slip lines with a large ac-
cumulation of dislocations, which can also be observed in the FG and 
CG samples. From the corresponding KAM value distribution (Fig. 8c), 
the CG sample has a larger average KAM value of 1.45° compared to 
the FG sample with 1.16°, indicating the CG sample stored more dis-
locations at low strain stage. The GNDs densities were calculated from 
the above Eq. (1) and are 1.5 × 1015 m-2 for FG and 1.9 × 1015 m-2 for CG 
samples, respectively. 

Fig. 6. (a) EBSD crystal orientation, (b) GB, (c) image quality and (d) local misorientation maps of the PR Cu-30%Zn sample after 6% tension. Distributions of (e) GB misorientation 
angle and (f) KAM value. IPF color of Z0 is applied. 
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3.3.2. Deformation at high strain stage 
Fig. 9 shows the crystal orientation, grain boundary and image 

quality maps after 17% tension for the FG and 23% for the CG Cu- 
30 wt% Zn samples. The low indexing rate illustrates severe plastic 
strain occurred and the dislocation density increased drastically. 
Besides producing high-density dislocations, numerous deformation 
twins were also produced in both samples. 

For the FG sample, a mass of deformation twins existed in almost 
all grains (Fig. 9c). These deformation twins are different from pre- 
existing annealing twins in Fig. 3 f, which possess thinner lamella 
thickness with an average value of 240 nm and were emitted from 
HAGBs. From TEM image (Fig. 10d), the grains were elongated and 
most have high-density nanoscale twin bundles with an average 
lamellar thickness of 43 nm. As shown in Fig. 9h, the lamella 

Fig. 7. EBSD crystal orientation, GB and image quality maps of (a, c, e) FG and (b, d, f) CG Cu- 30 wt% Zn samples after 10% tension. (g-j) The corresponding distributions of GB 
misorientation angle and lamellar twin thickness of (g, i) FG and (h, j) CG samples. Annealing twins with micron-sized thickness were marked as T1-T5 and grains with high 
orientation gradients were marked as A and B in the FG sample. The lenticular deformation twins and slip bands in both samples were pointed by black and green arrows in the 
image. IPF color of Z0 is applied. 
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thickness of all twins are smaller than 500 nm indicating the TBs of 
the initial micro-sized annealing twins completely disappeared. 
Certainly, some residues of annealing twins with micron-sized la-
mella thickness can be observed, as marked by the black rectangular 
box in Fig. 9a and c. The TB fraction was further increased from ~5.7% 
(10% tensile strain) to ~8.1% (17% tension) verifying the occurrence of 
twinning (Table 3). Moreover, there are plentiful slip lines inter-
secting with the twinning plane, produced by dislocation motion 
(black lines in Fig. 9c). As listed in Table 3, the HAGBs fraction was 
further decreased from ~47% (10% tension) to ~33% (17% tension). It 
should be noted that a few grains have no deformation twins, like 
grains C and D in Fig. 9a–c. Both grains are micron-sized and accu-
mulated high density of dislocations. This implies grain orientation 
plays an important role for twinning in Cu- 30 wt% Zn alloy. The 
detailed analysis of grain orientation governing twinning activity 
will be discussed in next section. 

The CG sample with triple GB junction after high strain tension is 
shown in Fig. 9d–f. The lathy deformation twins are parallel with 
each other, similar to the FG sample. The CG sample has an average 
twin lamella thickness of 218 nm (Fig. 9h). Numerous slip lines 
(black lines in Fig. 9f) separate the deformation twins to a series of 
slices suggesting that intense interaction between dislocations and 
deformation twins occurred. 

3.4. Fracture morphologies 

To further understand the relationship between microstructures 
and mechanical properties, SEM observations were performed on 
the fracture surface morphology. Fig. 11 shows SEM images of the 
macro- and micro-scale fracture surfaces of the ECAPed, FG and CG 
Cu- 30 wt% Zn samples, respectively. The three samples fractured in 
a ductile manner, as evidenced by the homogeneously distributed 
honeycomb-like dimples and a large area reduction of fracture 
surface. 

4. Discussion 

4.1. Microstructure-property relationship 

From the above results, the ECAPed Cu- 30 wt% Zn underwent 
severe plastic deformation and consisted of numerous deformation 
structures containing high density of dislocations, LAGBs and 

deformation twins. In addition, a large number of equiaxed ultrafine 
grains with an average grain size of about 600 nm existed in the 
ECAPed sample due to recrystallization during ECAP. High densities 
of lattice defects containing conventional HAGBs, TBs and disloca-
tion substructures result in the high YS close to 600 MPa, low duc-
tility and poor strain hardening capacity with the σUTS - σ0.2 value of 
only 15 MPa. 

After annealing, the ductility was enhanced gradually and the 
strength simultaneously decreased due to the recovery of defects 
and the recrystallization. The PR sample is composed of deformed 
(hard domains) and recrystallized areas (soft domains) due to partial 
recrystallization. It was widely reported that pronounced synergistic 
strengthening effect were produced between hard and soft domains 
and an extra strain hardening was obtained in heterostructured 
materials [63–66]. However, our PR sample has no excellent strain 
hardening capacity and the σUTS - σ0.2 value is only 50 MPa, causing a 
small improvement of ductility compared to the ECAPed sample. 
From Fig. 5b, the apparent strain partitioning exists between hard 
and soft domains, which may maximize HDI hardening effect  
[66,67]. However, the outstanding HDI hardening did not improve 
the tensile curve of the PR sample. This might be explained as the 
strength difference between hard and soft domains may be too large 
so that the hard domain may not plastically deform. This can be 
further confirmed from Fig. 6d that the KAM value of hard domains 
almost has no change after tensile deformation. Strain localization 
and stress concentration may occur at the interface of hard and soft 
domains, leading to the failure fracture at the interface. 

For the fully recrystallized FG and CG samples, both are com-
posed of micron-sized grains with high density of annealing twins. 
Due to the difference between annealing time and temperature, the 
annealing twin lamella thicknesses and morphologies are quite 
different (Fig. 3f, i). The annealing twins in the CG sample grew into 
micron-sized and straight lamellae as the grains attained full 
growth. In contrast, most annealing twins in the FG sample are 
immature twins with ultrafine lamellae, including isolated and 
stepped twins. With the development of the annealing process, the 
ductility was improved and the YS decreased. It is worth noting that 
the FG sample has analogously good ductility and more outstanding 
strain hardening capacity, compared to the CG sample. The values of 
σUTS - σ0.2 are 315 MPa for the FG sample and 300 MPa for the CG 
sample (Table 1), respectively. From the comparison of our results 
with literature data [19–21,68–70] in Fig. 12, it can be found that the 

Fig. 8. The local misorientation maps of (a) FG and (b) CG Cu- 30 wt% Zn samples after 10% tension. (c) The corresponding KAM value distributions of both samples.  
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values of σUTS - σ0.2 of metals and alloys with high SFEs are generally 
smaller than 200 MPa, and decrease with the decreased grain size 
(>1 µm). For Cu- 30 wt% Zn alloys in this work, the values of σUTS - 

σ0.2 of the FG and CG samples are significantly larger. Interestingly, 
with grain size decrease from the CG to the FG, the value of σUTS - σ0.2 

increases. The excellent strain hardening capacity of the FG Cu-30% 
Zn may be mainly attributed to the following four factors. Firstly, 
high fraction of HAGBs including a large number of pre-existing TBs 
(Figs. 3f and 4e) can be effective to block and accumulate the dis-
locations. Especially the dispersed ultrafine isolated twin lamellae, 
as shown in Fig. 3f, can significantly improve the flow stress by 

accumulating numerous dislocations. Secondly, low dislocation den-
sities, i.e. high dislocation storage capacity, can accumulate more 
dislocation inside grains. Thirdly, deformation-induced detwinning of 
ultrafine annealing twin lamellae (< 1 µm) can effectively enhance the 
ductility by means of promoting the blocked dislocations at the TBs to 
further slip. Finally, pronounced deformation twinning occurred in 
almost all grains and high densities of deformation twins were pro-
duced. Dynamic strain hardening by the interaction of dislocations and 
TBs were produced due to reducing the dislocation mean free path. 

Meanwhile, the FG sample has the higher YS of 250 MPa com-
pared with the CG sample (50 MPa), as listed in Table 1. For the FG 

Fig. 9. EBSD crystal orientation, GB and image quality maps of (a-c) FG and (d-f) CG Cu- 30 wt% Zn samples after 17% and 23% tension, respectively. (g) The GB misorientation 
angle distribution of the FG sample. (h) The corresponding distributions of lamellar twin thickness of the FG and CG samples. Grains C and D in the FG sample are free of twins. 
Black lines in (c) and (f) are slip lines. IPF color of Z0 is applied. 
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sample with smaller grain size, in addition to GB strengthening, the 
higher YS may be attributed to the numerous ultrafine annealing 
twin lamellae. These pre-existing ultrafine twins dispersing inside 
the grains can increase the critical stress for dislocation slip, thereby 
increasing the YS. 

4.2. Deformation-induced detwinning of annealing twins 

Annealing introduced high density of growth twins inside the 
grains of the FG and CG samples (Fig. 3). Different from the CG 
sample with micro-sized twin lamellae, the FG sample also contains 
numerous submicron-sized counterparts (Fig. 4h, i). For the CG 
sample, the micro-sized twin lamellae with thicknesses larger than 
2 µm and even several tens of micrometers gradually disappeared by 
converting TBs into conventional HAGBs under tension. However, 
the annealing twins in the FG sample annihilated in various ways 
under tension, as discussed as below. 

The visualized evolutions of twin lamella thickness and length 
proportion of HAGBs, TBs and T/H of the FG sample are shown in  
Fig. 13 and the corresponding quantitative data are listed in Table 3. 
With the applied strain increased, the fraction of HAGBs mono-
tonically decreased, and the fraction of TBs first dramatically de-
creased and then slightly increased. Considering that the total 
HAGBs length is closely related to the length of TBs, which is a kind 
of HAGBs with specific angle, T/H was calculated. The values of T/H 
first dramatically decreased and then significantly increased with 
the increased strain. It indicates that with the increased strain the 
total length of TBs in the FG sample first decreased due to the det-
winning process and the conversion of TBs into conventional HAGBs, 
and then increased due to the deformation twinning process. 

Deformation-induced detwinning of annealing twins in the FG 
sample may be related to a collective glide of the Shockley partial 
dislocations along TBs. When the slip direction of the Shockley 
partial dislocations is in opposite direction of the twinning direction, 
detwinning occurs accompanying with decrease of the twin lamella 
thickness [30,71]. In order to comprehend the interaction of dis-
locations with TBs in the FG sample under tension, detwinning 
process is illustrated in Fig. 14. As the tensile stress increased at the 
initial stage of deformation, for the immature annealing twin that 
has a thin lamella thickness (< 1 µm) with a step or terminated inside 
of grains resulting from incomplete growth, deformation-induced 
detwinning process is easily to be activated by shrinking the twin 
partials at the step or the end of half twins. In addition, when full 
dislocations start to slip to and pile up at the TBs, as shown in  

Fig. 10. Bright field TEM images of the FG samples (a) before tension, (c) after 10% and (d) 17% tension. The insets are the corresponding distributions of lamellar twin thickness. 
(b) The SAED pattern of the circled area in (a). The stepped annealing twins were pointed by purple arrows in (a), and the deformation twins were pointed by white arrows in (c) 
and (d). 

Table 3 
Lists of the values of length proportion of HAGBs, TBs and T/H and average twin la-
mella thickness (T ) in the FG Cu- 30 wt% Zn sample at different strains.       

0 ~10% ~17%  

FHAGBs(%) 96.7 47.2 32.9 
FTBs(%) 60.8 5.7 8.1 
FT/H(%) 62.9 12.1 24.6 

T (nm) (EBSD) 481 262 239 

T (nm) (TEM) 315 26 43 
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Fig. 14b, the full dislocation dissociates into two Shockley partials, 
and one partial glides to the right along the TB under the increased 
applied stress, resulting in the reduction of twin thickness (Fig. 14c). 
The other one partial glides to and accumulated at the new TB, and 
then dissociates into a stair-rod dislocation and a new partial. The 
new partial glides to the left along the TB. Meanwhile, the stair-rod 
dislocation dissociates into two new Shockley partials and repeats 
the above process. 

4.3. Effect of grain orientation on deformation twinning 

As an important deformation mechanism, deformation twinning 
plays a key role to coordinate plastic deformation in materials with 
low SFEs. Generally, metals and alloys with low SFEs have the ex-
cellent strain hardening capacity and uniform elongation resulting 
from abundantly produced deformation twins. For the FG and CG 
Cu- 30 wt% Zn samples in this study, the excellent strain hardening 
capacity is reflected by σUTS - σ0.2, as shown in Fig. 12. 

It was widely reported that the effect of grain size plays an im-
portant role on deformation twinning under plastic deformation  
[34–40,72,73]. Nevertheless, the effect of grain orientation on de-
formation twinning, especially for Cu- 30 wt% Zn alloys during uni-
axial tensile deformation, was rarely reported. As is well-known, the 
pronounced fiber textures, <100>  // TD and <111>  // TD, may be 
produced in fcc metals and alloys during uniaxial tensile deforma-
tion [73,74]. Differing from the <100>  // TD and <111>  // TD oriented 
grains, grains with <110>  // TD orientation are less stable and in-
clined to rotate towards orientations in favor of dislocation slip 
during tensile deformation [75,76]. Fig. 15a shows the evolution of 
fiber texture of the FG Cu- 30 wt% Zn sample during uniaxial tensile 
deformation. It can be obviously seen that the extremely weak fiber 
texture of <110>  // TD and the extremely strong <111>  // TD fiber 
texture existed in the FG sample after tensile deformation. This 
confirms that the grain orientation in Cu- 30 wt% Zn alloy can be 
reoriented under uniaxial tension. 

In literature, the pronounced deformation twinning was pro-
duced in grains oriented close to the <111>  // tensile axis directions 
in other fcc materials with low SFEs, such as high manganese steel  
[77]. Interestingly, this phenomenon is also found in our 

Fig. 11. SEM images of fracture surfaces of (a, d) ECAPed, (b, e) FG and (c, f) CG Cu- 30 wt% Zn samples: (a-c) Low magnification; (d-f) High magnification.  

Fig. 12. Literature review for relations of grain size and strain hardening capacity of 
metals and alloys with high SFEs [19–21,68–70] and Cu- 30 wt% Zn alloys in this work. 
Grain sizes of all statistical materials are larger than 1 µm. σUTS - σ0.2 is the difference 
in values between ultimate tensile strength (σUTS) and yield strength (σ0.2). 

Fig. 13. The evolutions of length proportion of HAGBs, TBs and T/H and average twin 
lamella thickness in the FG Cu- 30 wt% Zn sample under uniaxial tension. T/H is the 
fraction of TBs in the total HAGBs length. 
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investigative Cu- 30 wt% Zn alloy. As shown in Fig. 15b, there are 
numerous parallel deformation twins in grains with orienta-
tion <111>  // TD. On the contrary, grains with orientation <100>  // 
TD are free of twins, for instance, grains C and D, indicating dis-
location glide is more favorable relative to deformation twinning in 
these grains. Barbier et al. [51] reported that the Schmid factors for 
twinning are much less than dislocation glide in <100>  // TD or-
iented grains. Similar results reported by Beladi et al. [54] that grains 
with <111>  // TD orientation have a high Taylor factor and twinned 
in the early stage of tensile deformation, and grains with <100>  // TD 
orientation have a low Taylor factor and did not twin up to fracture. 

5. Conclusions 

In this study, we prepared partially recrystallized, fine- and 
coarse-grained Cu- 30 wt% Zn alloys with the average grain sizes of 
1.3 µm, 3.8 µm and 30.6 µm, respectively, by means of ECAP followed 
by annealing. Tensile testing indicated that both FG and CG samples 
possessed an excellent strain hardening capacity and drastic me-
chanical detwinning and twinning reflected by the phenomenon of 
stress serrations. The deformed samples at different strain levels 
were analyzed by EBSD and TEM to reveal the deformation me-
chanisms. The main conclusions are as following: 

Fig. 14. (a) Schematic illustration of the initial microstructures of the FG sample before tensile test. The black and red lines depict HAGBs and pre-existing annealing TBs, 
respectively. (b-d) Schematic illustration of detwinning process through the interaction of the dislocation with the TB. 

Fig. 15. (a) Inverse pole figures along TD of the FG Cu- 30 wt% Zn sample at grip (strain-free) and gauge part (strain of ~17%). (b) Crystal orientation map with twin boundaries 
(black lines) of the FG sample after 17% tension. IPF color of X0 is applied, which is parallel to TD. 
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(1) The as-ECAPed Cu- 30 wt% Zn sample is consisted of numerous 
deformed structures containing high-density dislocations, 
LAGBs, deformation twins. After annealing, partial re-
crystallization occurred in the PR sample which is composed of 
deformed and recrystallized areas. The FG and CG samples 
contain fully recrystallized grains and high-density immature 
annealing twins (including corner, stepped and isolated twins).  

(2) The FG sample exhibited superior combination of strength (YS of 
250 MPa and UTS of 565 MPa) and ductility of 20%. The higher YS 
of the FG sample is attributed to high-density conventional 
HAGBs and TBs, and the outstanding strain hardening capacity is 
attributed to high fraction of HAGBs including pre-existing TBs, 
low dislocation densities, deformation-induced detwinning and 
pronounced deformation twinning.  

(3) The total length of TBs in the FG sample first decreased and then 
increased under tension due to detwinning and twinning. EBSD 
statistics analysis revealed that ultrafine twin lamellae dis-
appeared by the detwinning process, and micro twins annihi-
lated via converting TBs into conventional HAGBs.  

(4) Deformation twinning was a dominant deformation mechanism 
in both FG and CG samples under uniaxial tension. Grain or-
ientation had great influence on the twinning process. All de-
formation twins were readily produced in grains with <111> 
orientation parallel to tensile direction. 
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