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a b s t r a c t 

To clarify the work hardening discrepancy effect on the strengthening of laminated metals, we de- 

signed two laminated Cu/Cu4Zn and Cu/Cu32Zn samples with different layer thicknesses. Cu/Cu4Zn 

has larger work hardening discrepancy between two constituent layers relative to Cu/Cu32Zn, but the 

yield strengths of two CuZn constituents are comparable. Uniaxial tensile results suggest Cu/Cu4Zn with 

larger work hardening discrepancy exhibits a significant strengthening at early deformation stage while 

Cu/Cu32Zn possesses a better ductility. The underlying mechanisms for the strengthening effect are at- 

tributed to more geometrically necessary dislocations accumulated at interfaces and severer strain local- 

ization due to the larger work hardening discrepancy. 

© 2021 Published by Elsevier Ltd on behalf of Chinese Society for Metals. 
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. Introduction 

Laminated or multilayered materials, which can be produced 

hrough conventional deposition, plastic deformation and subse- 

uent thermo-mechanical treatments, have been emerging as one 

f the most promising candidates to exhibit a superior combina- 

ion of high strength, good ductility and considerable work hard- 

ning [ 1–5 ]. 

Previous investigations have focused on the role of the strength 

f constituent layer and the hetero-phase interface (or layer thick- 

ess effect) in causing the superior properties [ 1 , 6 , 7 ]. Generally,

he strengthening of laminated metals is attributed to the in- 

ompatible deformation at interfaces between two different con- 

tituents or layers [ 1 , 8 ]. With decreasing the individual layer thick-

ess from micrometer to nanometers, the strength of laminated 

aterials can be increased five-to ten-fold over that of their con- 

tituents or an averaged strength of all constituents [ 1 , 2 , 9 ]. 

From a mechanical point of view [ 10–12 ], plastic strain gradi- 

nt stemming from the deformation incompatibility between two 

onstituents leads to the generation of geometrically necessary dis- 

ocations (GNDs) at the interfaces [13] . These GNDs contribute to 

he strengthening via promoting the kinematic hardening process 
∗ Corresponding author. 
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 13–15 ]. The density of GNDs is essentially proportional to the 

lastic strain gradient [ 10 , 12 , 16 ], which closely depends on the dif-

erence in yield strength between the constituents. 

In contrast to enormous studies on the strengthening and hard- 

ning mechanism of laminated materials [ 1 , 2 , 17 , 18 ], the ductility

r work hardening analysis on their constituents in most litera- 

ure is rather limited. The ductility or work hardening reflects on 

he uniform plastic deformability or stability during tensile loading 

19] , and inevitably varies counter to the yield strength in homo- 

eneous counterparts. More importantly, ductility and work hard- 

ning ability of the constituents generally become crucial for the 

echanical stability and final failure strain as well as its fracture 

oughness, based on the Considère-Hart necking criterion [20] . 

In this study, in order to clarify work hardening discrepancy 

ffect on the strengthening of laminated metals, we designed 

wo different sorts of laminated Cu/Cu alloy samples. Both Cu4Zn 

nd Cu32Zn have the same yield strengths. Cu4Zn has very lim- 

ted uniform elongation and almost work hardening free, while 

u32Zn exhibits uniform elongation as high as 30% and a desirable 

ork hardening ability. By use of accumulative roll-bonding (ARB) 

21] and subsequent thermal treatments, two series of Cu/Cu4Zn 

nd Cu/Cu32Zn laminated samples with different layer thicknesses 

re prepared. Our experimental results show that the larger work 

ardening discrepancy between the two constituents has a strong 

trengthening effect on the early deformation stage, i.e. , the higher 

ield strength for Cu/Cu4Zn; while the high work hardening of 

https://doi.org/10.1016/j.jmst.2021.06.043
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jmst
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmst.2021.06.043&domain=pdf
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oth constituents and additional strengthening at interfaces would 

ontribute to a desirable later stage deformation, namely better 

uctility and higher ultimate tensile strength for Cu/Cu32Zn. 

. Experimental 

Commercial pure copper (99.9%) and two commercial Cu4Zn 

nd Cu32Zn alloys with Zn content of 4 and 32 wt.%, respectively, 

ere used to produce the laminated Cu/Cu4Zn and Cu/Cu32Zn by 

he ARB technique. Prior to the ARB processes, the surfaces of indi- 

idual Cu or CuZn constituents were cleaned by acetone and then 

rushed to remove the oxide layer and to ensure sufficient bond- 

ng. The unique ARB process in this study is in the following: 

Step 1: A sandwich-like sample with 1 mm-thick Cu alloy in 

he core and two 0.5 mm-thick pure copper sheets in the surfaces 

as heated at 773 K for 8 min and then the first warm rolling was

erformed immediately by a thickness reduction of 50%. 

Step 2: The warm-rolled sample was cooled to room tempera- 

ure in order to clean the surfaces, cut and stack up again. 

Then, reheat the stacked-up sample for the 2nd warm-rolling 

rocess and step 2. And so on for the 3rd, 4th and 5th ...warm 

olling cycles. 

Step 3: After all warm-rolling cycles, the warm-rolled sample 

as cold-rolled with 40% thickness reduction at room temperature, 

ielding the sample thickness of 600 μm. 

Step 4: Finally, the rolled sample was annealed at 553 K for 

u/Cu4Zn or 563 K for Cu/Cu32Zn for 2 h, respectively, to en- 

ure both Cu4Zn and Cu32Zn constituents possess the same yield 

trength. 

Correspondingly, the average layer thicknesses of the cold- 

olled samples after 1, 4 and 5 warm-rolling cycles become 300, 

8 and 19 μm, respectively. Parallelly, to prepare the homogeneous 

u, Cu4Zn and Cu32Zn samples, the freestanding samples experi- 

nced the same ARB processes and annealing which have almost 

he same microstructures compared to the laminated metals. 

The cross-sectional microstructures of laminated Cu/CuZn and 

heir freestanding counterparts were examined by FEI Nova 

anoSEM 460 scanning electron microscope (SEM) with backscat- 

ering electron (BSE) imaging mode. Electron backscatter diffrac- 

ion (EBSD) was conducted under 20 kV with a step size of 

00 nm. The measured area was 40 μm × 40 μm and the data 

as analyzed by channel 5 TM software. The kernel average mis- 

rientation (KAM) method was used to calculate the local misori- 

ntation from the EBSD orientation data. The threshold value was 

et as 3 ° beyond which the misorientation is believed to be in- 

uced by grain boundaries (GBs). The GND density was estimated 

y [13] , where μ is the unit length (100 nm) and b is 

he Burgers vector magnitude of Cu (0.255 nm) and θ is the local 

isorientation. The local misorientation of every single point was 

alculated based on the 24 surrounding points. 

A Qness Q10A + micro-hardness tester was employed to test the 

ross-sectional hardness of laminated Cu/Cu alloy samples with a 

oad of 50 g and loading time of 10 s. The dog-bone-shaped ten- 

ile samples with 5 mm in length and 2 mm in width were cut 

rom sheets using electrical discharge machining and polished to 

educe the surface roughness. The loading direction is parallel to 

he rolling direction (layer interface). The uniaxial quasi static ten- 

ile tests were carried out by Instron 5848 microtester at a strain 

ate of 5 × 10 −3 s −1 at room temperature. Tension strain was 

easured by a contactless MTS LX300 laser extensometer. At least 

hree tensile specimens were tested for the reproducibility for each 

aminated or freestanding constituent sample. 

The ex-situ digital image correlation (DIC) technique was ap- 

lied to measure the strain evolution on the lateral surface of lami- 

ated materials. The speckle patterns were prepared using electro- 
68 
hemical etching method in a solution of 10 g FeCl 3 , 100 mL H 2 O

nd 2.5 mL HCl under a voltage of 0.7 V for 15 s. The lateral sur-

ace morphologies of the sample deformed at strain ε = 0, 1% and 

% were recorded using SEM with the secondary electron mode. As 

or these SEM images with a resolution of 124 nm/pixel, the strain 

istribution was analyzed using the DIC MATLAB program (Ncorr 

D) with a strain radius of 7 pixels and a step of 2 pixels. 

. Results and discussion 

As designed, two series of laminated Cu/Cu4Zn and Cu/Cu32Zn 

amples with different layer thicknesses were fabricated. Taking 

he laminated samples with layer thickness λ = 19 μm as exam- 

les, we show the typical SEM images of microstructures in Fig. 1 . 

aminated Cu/Cu4Zn was comprised of an alternate distribution 

f coarse-grained (CG) Cu and ultrafine-grained Cu4Zn constituent 

ayers ( Fig. 1 (a)). The magnified SEM image in Fig. 1 (b) shows Cu

nd Cu4Zn layers are well bonded with a sharp interface. A similar 

aminated structure of Cu/Cu32Zn sample is shown in Fig. 1 (c). The 

verage grain sizes of Cu4Zn layer ( Fig. 1 (b)) and Cu32Zn layer 

 Fig. 1 (d)) are 340 nm and 1.2 μm, respectively, both of which

re comparable to those of the freestanding counterparts ( Table 1 ). 

owever, regardless of the much larger grain size, Cu32Zn has the 

ame hardness (1.4 GPa) with that of Cu4Zn. 

As we know, the microstructure of the rolled metals mainly de- 

ends on the cold rolling and the annealing treatment, while the 

ffect of the warm rolling is minor. Specifically, the cold rolling 

train dominates the grain size of cold-rolled sample, and the 

ubsequent annealing temperature/time dominates the recovery of 

hese deformed grains. Here we fixed the same cold rolling thick- 

ess reduction (40%) and the same annealing treatment (553 K 2 h 

or Cu/Cu4Zn and 563 K 2 h for Cu/Cu32Zn), resulting in a com- 

arable grain size of Cu, Cu4Zn or Cu32Zn layer in the laminated 

amples with different layer thicknesses. 

Tensile engineering stress-strain curves of freestanding Cu, 

u4Zn and Cu32Zn samples are shown in Fig. 2 (a). The pure Cu 

ample has a yield strength of 119 MPa and a uniform elongation 

30%), which is consistent with the annealing Cu sheet in the lit- 

rature [1] . Cu4Zn sample exhibits a yield strength of 352 MPa 

ut a low uniform elongation (1.5%), while Cu32Zn has a com- 

arable yield strength (341 MPa) and larger uniform elongation 

28.8%). The inset in Fig. 2 (a) shows the work hardening discrep- 

ncy is huge between Cu and Cu4Zn but negligible between Cu and 

u32Zn. 

It should be noted that the comparable yield strength but 

igher work hardening in Cu32Zn relative to Cu4Zn can be under- 

tood in terms of the grain size and Zn content. Regarding Cu32Zn, 

he larger grain size contributes to a lower yield strength. But 

he yield strength of Cu32Zn can be compensated via a stronger 

olid-solution strengthening induced by more Zn. Such, Cu32Zn 

ith a larger grain size shows a comparable strength to that of 

u4Zn with a smaller grain size. In addition, the larger grain size 

f Cu32Zn contributes to a larger work hardening capacity by more 

nterior dislocations activity [22] . In other words, the significant 

ork hardening discrepancy stems from the grain size difference 

etween the two Cu alloys. 

Fig. 2 (b) shows the tensile engineering stress-strain curves of 

aminated Cu/Cu4Zn and Cu/Cu32Zn with different layer thick- 

esses. Both laminated samples exhibit strong layer-thickness- 

ependent tensile properties. As λ decreases, the strength and duc- 

ility of both Cu/Cu4Zn and Cu/Cu32Zn increase simultaneously, 

hich is consistent with the previous reports [ 1 , 13 ]. Obviously, the 

ield strength of Cu/Cu4Zn is higher than that of Cu/Cu32Zn when 

is constant. Still taking the samples with λ = 19 μm as exam- 

les, the yield strength of Cu/Cu4Zn (264 MPa) is higher than that 

f Cu/32 Zn (225 MPa). As summarized in Fig. 2 (c), as λ decreases, 
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Fig. 1. Low magnification SEM images of Cu/Cu4Zn (a) and Cu/Cu32Zn (c) with layer thickness of 19 μm. High magnified SEM images of Cu/Cu4Zn (b) and Cu/Cu32Zn (d) 

as indicated by white boxes in (a) and (b). RD, ND and TD are rolling, normal and transverse directions, respectively. 

Table 1 

The average grain size, yield strength, uniform elongation and ultimate strength of laminated Cu/Cu4Zn, Cu/Cu32Zn with layer thickness of 

19 μm compared to their freestanding constituents Cu, Cu4Zn and Cu32Zn. 

Sample Grain size ( μm) Yield strength (MPa) Uniform elongation (%) Ultimate strength (MPa) 

Cu 7 ± 0.2 119 ± 6 30 ± 0.6 243 ± 3 

Cu4Zn 0.32 ± 0.01 352 ± 1 1.5 ± 0.2 360 ± 2 

Cu32Zn 1.7 ± 0.1 341 ± 7 28.8 ± 1.5 448 ± 1 

Cu/Cu4Zn(19 μm) 7.5 ± 0.2 (Cu)0.34 ± 0.01 (Cu4Zn) 264 ± 6 13.7 ± 2.5 308 ± 2 

Cu/Cu32Zn(19 μm) 4.7 ± 0.2 (Cu)1.2 ± 0.1 (Cu32Zn) 225 ± 2 29.6 ± 0.7 345 ± 2 

Fig. 2. Tensile engineering stress-strain curves of freestanding Cu, Cu4Zn, Cu32Zn samples (a), and laminated Cu/Cu4Zn, Cu/Cu32Zn with different layer thicknesses (b). The 

inset of (a) shows work-hardening rate vs. true strain of freestanding Cu, Cu4Zn, Cu32Zn. (c) The variation of yield strengths of two laminated metals with different layer 

thicknesses. 
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he yield strength of Cu/Cu4Zn increases more rapidly than that 

f Cu/Cu32Zn, indicating that the larger work hardening discrep- 

ncy makes for a significant strengthening at the early deformation 

tage. Cu/Cu32Zn has a ductility of 29.6% and the ultimate tensile 

trength of 345 MPa, higher than those in Cu/Cu4Zn (13.7% and 

08 MPa), indicating that the higher work hardening or ductility 

f constituents can promote better ductility and higher ultimate 

ensile strength at later deformation stage. 

To understand the effect of work hardening discrepancy on the 

trengthening effect, the microstructure evolution and GND dis- 

ributions near interfaces in laminated Cu/Cu4Zn and Cu/Cu32Zn 

ith λ = 19 μm with increasing applied strains were investigated 

y EBSD. As shown in Fig. 3 (a), the Cu layer in Cu/Cu4Zn has a ran-

om orientation. Some small grains are intermingled among large 

rains in the Cu layer near the interface, indicating an incompletely 

ecrystallized microstructure. As the tensile strain is applied to 1% 

 Fig. 3 (b)) the microstructure has little change. These grains, espe- 

ially near interfaces, are lengthened along the tensile axis after 

he strain of 9% ( Fig. 3 (c)). On the contrary, the microstructures 

f the Cu layer in Cu/Cu32Zn almost keep constant as the tensile 
69 
train increases from 0% to 9% ( Fig. 3 (d–f)). This indicates that the 

u layer will sustain a larger deformation in Cu/Cu4Zn relative to 

u/Cu32Zn. 

As shown in Fig. 4 (a), GND density near the interface of the as- 

repared Cu/Cu4Zn is higher than that in the interiors of the Cu 

ayer, which corresponds to the formation of the interface affected 

one (IAZ) [1] during ARB process. As the applied strain increases 

rom 1% to 9%, the GND density in IAZ is enhanced ( Fig. 4 (b) and

c)). On the contrary, the GND density is lower in Cu/Cu32Zn from 

= 0% to 9% ( Fig. 4 (d–f)). Fig. 4 (g) and (h) compares the average

ND distributions across Cu layers in both laminated samples. It 

urther shows that GND densities in Cu interiors are comparable 

or two samples, but GND density in IAZ of Cu4Zn is higher than 

hat in Cu32Zn, suggesting that a larger work hardening discrep- 

ncy facilitates the GND storage in the IAZ. 

To further understand the effect of work hardening discrepancy, 

e measured the full-field strain distributions of the lateral surface 

f two laminated samples at the early and later stages based on 

IC technique. The distribution of tensile strain, εxx , in Cu/Cu4Zn 

ample with λ = 19 μm deformed at early stage ε = 1% was 
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Fig. 3. Inverse pole figure mapping colored by transverse-direction (TD) of the Cu/Cu4Zn (a–c) and Cu/Cu32Zn (d-–f) samples under different tensile strains of 0% (a,d), 1% 

(b,e) and 9% (c,f). 

Fig. 4. GND density mapping from EBSD measurement of laminated Cu/Cu4Zn (a–c) and Cu/Cu32Zn (d–f) with layer thickness of 19 μm at ε = 0%, 1% and 9%, as indicated. 

Averaged GND density distributions in Cu layer at different strains of Cu/Cu4Zn (g) and Cu/Cu32Zn (h). TA, tensile axis. 

70 
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Fig. 5. Distribution of strain along tensile axis, εxx , of Cu/Cu4Zn (a,b) and Cu/Cu32Zn (d,e) with layer thickness of 19 μm at ε = 1% and ε = 3% as indicated. The deformation 

morphologies on lateral surface of Cu/Cu4Zn (c) and Cu/Cu32Zn (f) deformed at ε= 9%. Shear bands and slip bands are indicated by blue and red arrows, respectively. 
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hown in Fig. 5 (a). The strain distributes very non-uniformly in 

u4Zn layers, showing obvious strain localization, as reported in 

revious studies [ 23 –25 ]. To make a quantitative analysis, the aver- 

ge strain localization frequency, defined as number of strain local- 

zation regions per unit area, and average strain gradient, defined 

s the strain variation per unit distance across the strain localiza- 

ion region, will be discussed below. As the applied strain increases 

rom 1 to 3% ( Fig. 5 (b)), the strain localization frequency and strain

radient in Cu/Cu4Zn increase from 373 to 421 mm 

−2 and from 1.1 

o 1.4 mm 

−1 , respectively. A few severe strain localization regions 

re formed and penetrate into several layers. The strain localiza- 

ion is related to the prevailing shear bands in Cu4Zn layers, while 

he ubiquitous slip bands in pure Cu layers suggest homogeneous 

lastic deformation by dislocation gliding, as shown in Fig. 5 (c). 

However, the strain localization is less obvious in deformed 

u/Cu32Zn with λ = 19 μm. As displayed in Fig. 5 (d) and (e), as

he applied strain increases from 1 to 3%, the average strain local- 

zation frequency and strain gradient of Cu32Zn increases from 142 

o 257 m 

−2 and from 0.2 to 0.22 m 

−1 , respectively, both of which

re lower relative to Cu4Zn. The weaker strain localization is con- 

istent with prevailing slip bands in both Cu and Cu32Zn as shown 

n Fig. 5 (f). 

Above experimental results clearly show that both yield 

trength and ductility of laminated Cu/CuZn samples also de- 

end on the work hardening discrepancy, in addition to the layer 

hickness dependence. The strengthening of laminated structure 

s attributed to the formation of IAZ with strain gradient and 

NDs accumulation at the interfaces [ 1 , 13 ]. As layer thickness de-

reases, the yield strength and ductility of laminated Cu/Cu4Zn and 

u/Cu32Zn increase simultaneously due to the increase of volume 

raction of IAZs ( Fig. 2 ). 

It has been reported that the storage of GNDs at interfaces can 

e improved by increasing the difference of yield strength between 

he two adjacent constituents [6] or increasing interface strength 

ia hard intermetallic compounds [26] . The underlying mechanism 

or those approaches is based on reinforcing the interfaces that can 

ndertake higher stress or strain concentration, beneficial for more 

NDs to pile up [ 1 , 13 ]. 

As for the laminated Cu/Cu4Zn, we found that the larger work 

ardening discrepancy between two constituents would also pro- 

ote the storage of GNDs at the interfaces or IAZs ( Fig. 4 ) and im-
 u

71 
rove the strengthening at early deformation stage ( Fig. 2 ). This 

an be understood in terms of the work hardening capacity or cor- 

esponding deformation mechanisms of two constituents. During 

eformation of Cu/Cu4Zn laminates, dislocations nucleated in Cu 

ayer tend to be piled up at interfaces ( Fig. 4 (a–c)) and induce 

tress/strain concentration, which is hard to be released due to the 

imited dislocation activities in Cu4Zn layer, as proved by the abun- 

ant unstable shear bands ( Fig. 5 (c)). On the contrary, the disloca- 

ions piled-up induced stress/strain concentration at interfaces in 

u/Cu32Zn with high work hardening can be easily alleviated due 

o the sufficient activity of dislocations (indicated by dislocation 

ands in Fig. 5 (f)) in Cu32Zn layer. Such, less GNDs storage at in-

erfaces of Cu/Cu32Zn is seen in Fig. 4 (d–f). 

Strain localization at later deformation stage depends on the 

ork hardening discrepancy between adjacent constituents as well. 

or example, necking or serious strain localization happens easily 

n freestanding Cu4Zn, but in the laminated structure, the prema- 

ure necking of Cu4Zn is suppressed, resulting from strong con- 

traint deformation between two adjacent layers [ 24 , 27 ]. As a re-

ult, the otherwise single strain localization region of Cu4Zn is dis- 

ersed into many tiny areas as shown in Fig. 5 . Meanwhile, ac- 

ompanying with the strain variation across these regions, the pro- 

ounced plastic strain gradient appears and accordingly promotes 

he accumulation of GNDs [28] and stress state change [24] , fur- 

her helping the strengthening effect. 

. Conclusion 

In summary, the larger work hardening discrepancy between 

wo constituents improves the yield strength at initial deforma- 

ion stage, due to the improved GNDs storage and more serious 

train localization. Moreover, the better plastic deformability of 

u/Cu32Zn is attributed to a larger work hardening of constituents 

nd the additional strengthening induced by GNDs at the inter- 

aces. These findings provide an additional strategy to optimize the 

echanical properties of laminated metals. 
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