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A B S T R A C T

The interfaces introduced in metals by heterostructural design play crucial roles in mechanical
behaviors. Here the effect of gradient interfaces on mechanical behavior was investigated in a
laminated Cu–30Zn sample composed of coarse-grained and ultrafine-grained layers. Tensile
tests revealed a superior strength-ductility synergy with extraordinary strengthening and work
hardening. By combining the measurements of height contour and strain distribution using di-
gital image correlation, the development of strain gradient was detected in the near-interface
zone during tension, which was caused by the mechanical incompatibilities across interfaces and
the synergetic constraint between layers. The intensity of strain gradient in the near-interface
zone increased with tensile strain, which was accommodated by the accumulation of geome-
trically necessary dislocations, thereby resulting in extra back stress and dislocation strength-
ening.

1. Introduction

Heterostructured metal is a new class of materials with unique structural and mechanical properties (Wu and Zhu, 2017). Their
microstructures are characterized with multiple domains with dramatically different strength. The inter-domain interfaces can be
gradient or sharp (Huang et al., 2018; Park et al., 2018; Wu et al., 2015, 2014a). Due to the synergetic interaction among me-
chanically incompatible domains, their mechanical properties are usually superior to what is predicted by the rule of mixture (Cheng
et al., 2018; Wang et al., 2018c; Wu et al., 2015, 2014b). In recent years, tailored strength-ductility synergy and enhanced work
hardening have been achieved in several types of heterostructures, including the laminate (Huang et al., 2018; Ma et al., 2016; Wu
et al., 2017), gradient (Cheng et al., 2018; Fang et al., 2011; Wang et al., 2018b; Wei et al., 2014; Wu et al., 2014a), hierarchical
lamellar (Li et al., 2018; Wu et al., 2015), harmonic (Ming et al., 2019; Park et al., 2018) and partially recrystallized (Wu et al., 2019)
structures.

Critical questions arise on where in such heterogeneous structures is the improved strength and strain hardening originated and
how the heterogeneous domains deform synergistically. Although there are big differences in the detailed microstructures of these
heterogeneous materials, the fundamental deformation principles, such as inhomogeneous deformation across domain interfaces and
hierarchical strain/stress partitioning among domains, might be universal (Wu and Zhu, 2017). The partitioning and inhomogeneous
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accumulation of strain are associated with the formation of strain gradient across domain interfaces in order to maintain strain
continuity (Ashby, 1970; Huang et al., 2018). As proposed and simulated in gradient structure, plastic strain gradient could be
accumulated with the migration of elastic/plastic interface during straining (Wu et al., 2014a; Zeng et al., 2016). Pronounced
gradient strain distribution was simulated in the laminate composed of multiple layers with grain-size gradient in each layer (Lyu
et al., 2017).

It is also recognized that the plastic strain gradient around interfaces needs to be accommodated by the accumulation of geo-
metrically necessary dislocations (GNDs), which is effective in developing internal stresses (Ashby, 1970; Kassner et al., 2013;
Mughrabi, 2006). This unusual dislocation activity provides an opportunity to promote extraordinary strengthening and strain
hardening, and change the stress-strain behavior of componential domains (Cheng et al., 2018; Park et al., 2018; Yang et al., 2016).
For example, the improved strain hardening and strengthening of gradient and laminate heterostructures can be theoretically pre-
dicted by incorporating the effects of GNDs and long-range back stress around interfaces (Li et al., 2017b, 2017a). Therefore, the
interfaces between domains are believed to significantly affect the strain accommodation and mechanical responses of hetero-
structures. On the other hand, the heterostructured interfaces themselves may have direct effects on the nucleation and pile-up of
dislocations as well (Mayeur et al., 2015; Murr, 2016; Wang et al., 2014).

Early works on the sharp interfaces in the nanostructured (NS)/coarse-grained (CG) laminates have revealed a strain gradient-
dominated interface-affected-zone where extra GNDs were accumulated (Huang et al., 2018; Ma et al., 2016). However, for some
other heterostructures, such as gradient materials and the engineering composites synthesized by welding, the interface between
heterogeneous domains generally has transitional microstructure, i.e., a gradient interface (Wu et al., 2014a; Zhu et al., 2017). Such
gradient interface avoids the early formation of serious stress concentration and local cracking problems that are typical in a sharp
interface, and is expected to produce wider affected zone and be more efficient in enhancing mechanical performances. In spite of the
above progresses, direct visualization and quantitative analysis for the plastic behaviors of gradient interface are still lacking. These
are also essential for understanding the fundamental deformation and strengthening mechanism of heterogeneous materials.

In this paper we report a CG/ultrafine-grained (UFG) laminate structure with two discrete gradient interfaces. The configuration
and evolution of 3D strain gradient near gradient interface were quantitatively visualized using height contour measurement and in-
situ digital image correlation (DIC). The formation of strain gradient and its effect on strengthening and strain hardening behaviors
will be discussed.

2. Experimental methods

Friction stir processing (FSP) was used to fabricate the laminate samples with gradient interfaces. An annealed Cu-30wt%Zn plate
with a thickness of 5.6mm was selected as CG base metal (BM). The advantage of this material is its low stacking fault energy and
proper melting temperature, which are conducive to the formation of recrystallized UFG in the string zone (SZ) during FSP (Chang
et al., 2004; Wang et al., 2018a). The FSP tool has a shoulder diameter of 12mm and an unthreaded cylindrical pin in length of
1.8mm and diameter of 3mm. Two FSP procedures were symmetrically conducted on both sides of the plate under flowing water at a
constant rotational speed of 1400 rpm and a traverse speed of 200mm/min. The as-processed plate was annealed at 250 °C for 48 h in
order to relieve residual stress. Fig. 1(a) shows the cross-sectional morphology of the as-prepared sample observed by scanning

Fig. 1. (a) Scanning electron morphology of the cross-section of FSP processed heterogeneous structure, showing a CG layer sandwiched between
two UFG zones. Colored frames illustrate the cross-section of heterogeneous laminate (red), freestanding CG (light blue) and UFG (yellow) samples
used for tensile testing, respectively. (b) An optical overview on the lateral surface (18× 3.7mm2 surface) of the heterogeneous laminate sample,
showing straight interfaces between layers. In the coordinate, Y is the tensile loading direction; X and Z are the thickness and the width directions of
laminate sample, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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electron microscope (SEM). There is clear metallurgic contrast between BM and SZ domains, suggesting great difference in their
microstructures. As verified later, homogeneous UFG was formed in the SZ.

The heterogeneous microstructures were characterized using transmission electron microscopy (TEM) and electron back-scattered
diffraction (EBSD). EBSD samples were mechanically polished using standard metallographic techniques and then electronically
polished to remove the strained surface layer. TEM foils were accurately extracted from exact positions using the focused ion beam
(FIB) lift-out technique. TEM observation was performed in a FEI Tecnai G2 T20 microscope at 200 KV.

Dog-bone shaped tensile specimens with a gauge length of 18mm were machined parallel to the processing direction in as-FSP
processed plate. The colored frames in Fig. 1(a) show the position and dimension of the gauge cross-section of tensile samples. The
cross-sectional dimension of heterogeneous laminate (red), freestanding CG (light blue) and UFG (yellow) samples are
1.5×3.7mm2, 1× 1.7mm2 and 1.7× 1mm2, respectively. Fig. 1(b) shows the optical morphology of the lateral surface of laminate
sample. Clearly, it is composed of a CG core layer and two UFG surface layers with a thickness ratio of 1:1.7:1. The thickness and
width of all samples were precisely controlled by polishing off redundant surface. Tests for each type of sample were performed three
times at a nominal strain rate of 5× 10−4 s−1.

In order to evaluate the mechanical incompatibility and the deformation-induced hardening in the near-interface zone, micro-
hardness measurements were carried out across the interface between SZ and BM on both samples before and after tensile de-
formation, using a load of 25 g. All samples for microhardness testing were first mechanically polished to achieve a mirror-like
surface, and then electrochemically polished at a relatively low voltage to remove the strained top-most surface layer and expose the
layer boundary. To confirm reproducibility, the hardness distribution for each type of sample was repeatedly measured at four
independent positions.

The height contours on the lateral surface (Fig. 1(b)) of the laminate samples before and after tensile test were measured using a
Bruker Contour-I white light interferometry in a vertical scanning mode. The height resolution in depth is about 20 nm. In-situ 2D DIC
was also conducted on the lateral surface of laminate sample, using a short-focus optical lens. Before performing DIC imaging, a
random pattern was prepared by spraying black paints on white background.

3. Results

3.1. Microstructural heterogeneity and gradient interface

As the cross-sectional morphology shown in Fig. 1(a), there is a well-defined straight outline on the bottom of the SZ. Fig. 2(a) is a
representative TEM image of SZ, showing equiaxed UFG structure with clear and sharp grain boundaries. FSP is a severe thermal-
plastic deformation process, during which subdivision and fragmentation of parent large grains and dynamic recrystallization to form
new small grains occurred simultaneously (Wang et al., 2018a). In this study, the formation of UFG microstructure can be primarily
attributed to the low stacking fault energy of material and the fast cooling rate under flowing water during processing (Chang et al.,
2004).

Fig. 2(b) shows the microstructural details between SZ and BM. A continuous transition in grain size from recrystallized UFG to

Fig. 2. The microstructural and mechanical heterogeneities of FSP processed sample. (a) Typical TEM image in the SZ. (b) An EBSD morphology
showing the gradient interface between CG and UFG layers. (c) Variation of the average hardness and grain size measured across gradient interface
zone. Every hardness datum was averaged from 4 indentations. The black dotted lines in (b) and (c) denote the layer boundary.
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plastically elongated CG and then equiaxed CG is produced, forming a gradient transition zone between SZ and BM. The variation of
average hardness and grain size were statistically measured across the boundary between UFG SZ and CG BM. As shown in Fig. 2(c),
the hardness within both UFG and CG layers is rather homogeneous, while transitions with a discrepancy of ∼0.48 GPa appears
between them. The average grain size of the UFG and CG layers determined from EBSD images are ∼25 μm and ∼0.54 μm, re-
spectively. The black dotted line in Fig. 2(c) marks the starting point of the precipitous drop of hardness, which corresponds strictly to
the position in microstructure indicated by black dotted line in Fig. 2(b) where the grain size increases sharply. This geometric
position can be easily located by metallographic observation, which is referred to as the boundary of UFG and CG layers. Note that the
widths of freestanding UFG and CG tensile samples were precisely polished by referring to this layer boundary. The region with
hardness and microstructure transition is defined as the gradient interface zone between CG and UFG layer.

Such heterogeneous laminate structure with discrete gradient interfaces avoids the tracking problem of transferable interface in
gradient structure (Zeng et al., 2016). Therefore, the CG/UFG laminate specimen cut as the red cross-section in Fig. 1 can be viewed
as a model sample for studying the plastic behavior around a single gradient interface.

3.2. Synergetic strengthening and strain hardening

Fig. 3(a) shows the tensile stress-strain curves for CG/UFG laminate, freestanding CG and UFG samples. The ultimate strength of
CG/UFG laminate is measured as 467MPa, which is comparable to that of pure UFG sample (481MPa). Such a surprising strength is
superior to what is predicted using the volume fraction-based rule of mixture (green curve in Fig. 3(a)) (Wu et al., 2014b). Ac-
cordingly, a shadow region could be drawn between the prediction and experimentally measured curves, as seen in Fig. 3(a). This
indicates an extra flow stress achieved in CG/UFG laminate sample, demonstrating a considerable synergetic strengthening in such
heterogeneous structure (Wang et al., 2018b; Wu et al., 2014b). The extra yield strength at is measured as 63MPa, which accounts for
19.8% of the flow strength.

The comparison of strain hardening behaviors is shown in Fig. 3(b). Surprisingly, the strain hardening rate (Θ) of laminate sample
is higher than that of both freestanding UFG and CG samples at a low plastic strain stage (∼1%–2.5%). Interestingly, the strain
regime for the high strain hardening rate is consistent with that (1.8%–3.2%) of Θ-up-turn in gradient IF steel (Wu et al., 2014a). This
implies that some underlying mechanisms such as complex stress/strain states induced by mutual constraint between layers should be
the same in these two structures.

Since the strain hardening of laminate sample is very graceful, one may wonder whether the uniform elongation is also larger than
the prediction calculated from rule of mixture (Ma et al., 2015). However, the experimental result (29.6% ± 1.7%) is approximately
equal to the prediction (30.3%). This can be attributed to the high stress concentration at interface. It was revealed in CG/UFG
heterostructured Cu samples (Wang et al., 2019) that the uniform elongation and fracture of laminates with gradient interface are
dominated by the damages developing from interface, rather than that in the harder layer. During straining, the triaxial stress
concentration induced by synergetic interaction between layers is capable of promoting plastic damages (such as micro voids)
preferentially from interface, which leads to premature termination of uniform elongation before the necking of harder layer.

3.3. Height profile and strain gradient across interface

It is interesting to find that the heterostructured layers in CG/UFG laminate (Fig. 1(b)) after tension exhibits remarkable dif-
ference in lateral height contour. Fig. 4(a) and (b) show the 3D height profiles measured on the lateral surface before and after tensile
deformation, respectively. Obviously, the initial electrochemically polished surface has no height difference between layers except

Fig. 3. Uniaxial tensile behaviors of CG/UFG laminate, freestanding CG and UFG samples: (a) engineering stress-strain curves; (b) strain hardening
rate (Θ) vs. true strain. The green curve in (a) is the predicted response for CG/UFG laminate sample basing on rule of mixture. The inset in (b) is the
magnified curve at low strains where the CG/UFG laminate sample exhibits extremely high Θ. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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minor surface roughness. However, the central CG layer in the deformed sample is much higher than the UFG layers on both sides, as
seen in Fig. 4(b). These height contours were statistically averaged along the tensile direction (Y) and plotted versus the sample
thickness (X) in Fig. 4(c). The black dotted lines in Fig. 4(c) denote the position of layer boundaries, which were accurately located by
polishing off the surface roughness firstly and then metallographic examining using SEM. It is seen that the height difference across
layer boundary is as high as ∼6 μm.

The shrinking strain in sample width direction εz, i.e. the lateral strain parallel to the interface, can be deduced from the height
profiles (Wu et al., 2014a). As the blue curve plotted in Fig. 4(d), the surface UFG layers have higher |εz| than the central CG layer,
and εz changes gradually in near-interface zone. The green curve in Fig. 4(d) represents the distribution of strain gradient |dεz/dx|
across interfaces, which was deduced from the smoothed εz (red curve). It is obvious that the near-interface zones present pronounced
strain gradient, and the average width of strain gradient zones (∼500 μm) is much larger than that (∼250 μm) of the gradient
interface (Fig. 2(b) and (c)). It is technically difficult to locate the exact position of strain gradient peak because the derivative of
smoothed strain distribution is varied with the assumed mathematical function of smoothing. But it is certain that the peak is at or
adjacent to the layer boundary, where a remarkable change in hardness and grain size occurs (Fig. 2). Moreover, the zone with strain
gradient in the UFG side is wider than that in the CG side, suggesting a higher efficiency in accommodating strain gradient for the
latter.

3.4. DIC and strain gradient across interface

2D DIC experiments were conducted on the lateral surface to extract the in-plane strains, i.e. the normal strains in the tensile
direction εy and the sample thickness direction εx. The digital speckle image covers the effective correlation area of 1630×382 pixel2

with a spatial resolution of 9.7 μm/pixel (Fig. 5(a)). Fig. 5(b) shows the detailed distribution of gray scale with clear contrast in a
single correlation window. This high-quality speckle pattern is an essential prerequisite for accurate strain calculation.

Fig. 6(a) and (b) are the typical contours of εy and corresponding εx mapped at various tensile strains. Fig. 6(c) and (d) show the
evolution of εy and εx with increasing tensile strain, respectively, which were statistically averaged along the tensile direction and
plotted as a function of thickness. Several general features can be observed from these strain distributions. First, εy distributes
homogeneously along both the tensile direction Y and the thickness direction X, confirming that the UFG layers elongated con-
currently with CG core in the laminate structure (Wu et al., 2017). Second, the CG layer exhibits higher εx than the UFG layers, as
seen in Fig. 6(d). Third, εx exhibits obvious gradient distribution across the interfaces, i.e. high |dεx/dx| in near interface zones

Fig. 4. 3D height contour measured on the lateral surface of CG/UFG laminate sample: (a) before tension, (b) after tensile testing to a strain of 14%.
(c) The distribution of statistical average height as a function of sample thickness (X). (d) The distribution of strain εz and strain gradient |dεz/dx|
deduced from the height profile in (c). The dotted arrows and lines mark the position of layer boundary.
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(Fig. 6(b) and (d)). Furthermore, the position and width of the gradient zone of strain εx are consistent well with that of εz revealed in
Fig. 4(d).

Fig. 7(a) shows the plot of strain gradient (|dεx/dx|) against the sample thickness, which is extracted from the distribution of εx.
The evolution of the width (W) and intensity (I) for two strain gradient peaks are plotted in Fig. 7(b). As shown, the intensity I
increases with increasing applied strain. Since the strain gradient is resulted from the mutual constraint between incompatible
domains, the persistent increase of I suggests that the interaction between CG and UFG layers was never interrupted or attenuated
during uniform elongation. Surprisingly, the width W (∼500 μm) remains largely constant during straining. One possible reason for

Fig. 5. DIC speckle image taken from the lateral surface of CG/UFG laminate sample: (a) typical speckle pattern; (b) detailed distribution of gray
scale in a single correlation window (40×40 pixel2).

Fig. 6. (a) and (b) are the contours of strain εy and εx mapped at different tensile strains, respectively. (c) and (d) are the distribution of statistical
average strain εy and εx plotted as a function of distance from the center of thickness, respectively. The dotted arrows and lines mark the position of
layer boundaries.
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this puzzle is that the zone for the accumulation of GNDs induced by the mutual interaction across the gradient interface is limited
within ∼500 μm. This is similar to the situation in CG/NS laminates that the strain gradient zone around sharp interfaces maintained
a constant width during tension (Huang et al., 2018; Ma et al., 2016).

4. Discussion

The inhomogeneous distribution of strains across the gradient interface measured by height contour measurement and DIC strain
characterization confirm the validity of each other, according to the criterion that metals keep a constant volume during plastic
deformation, i.e. εy=−(εx+εz). Note that the strain gradient of two lateral shrinking strains only exists in the X direction with
structural heterogeneity. This demonstrates that such strain gradients are inherent to the heterogeneous structures.

4.1. Formation of strain gradient across gradient interface

The mechanical incompatibilities induced by structure heterogeneity, such as the discrepancies in elastic limit, strain hardening
capability and propagation of plastic damage, lead to synergistic constraint between CG and UFG layers during deformation (Wang
et al., 2018c; Wu et al., 2017, 2014a). This is capable of reshaping the strain path of component layers by hierarchical strain
partitioning between them (Huang et al., 2016). In order to maintain the strain continuity and avoid the formation of stress sin-
gularity in the near-interface zone, the formation of strain gradient is inevitable (Ashby, 1970; Lu et al., 2019; Mughrabi, 2006).

In the yielding stage, the big difference in elastic limit across interface led to a long elastic-plastic transition process, during which
the fast shrinking of yielded CG in near-interface zone can be suppressed by a lateral tensile constraint from elastic UFG layer, i.e.
elastic/plastic interaction (Wang et al., 2018c; Yang et al., 2019; Zeng et al., 2016). At the end of yielding, the discrepancy of lateral
elastic strain between CG and UFG layer is calculated to be about 0.05%.

After yielding, the CG and UFG layers deformed plastically together. However, the mechanical incompatibilities are still prevalent
across the interfaces. Here, several reasons associated with structure heterogeneity are summarized for the prevalence of strain
discrepancy and the accumulation of strain gradient during the uniform plastic deformation stage. Firstly, the UFG layers have an
earlier strain localization tendency due to their relatively low strain hardening capability. Such unstable tendency is incompatible
with the stable plastic deformation of CG core, and can be constrained by the latter (Wu et al., 2014a). This interaction process
contributes to the accumulation of strain gradient near the CG/UFG interfaces.

Secondly, the propagation of early damage in UFG layers, such as micro strain concentration bands, can be effectively passivated
and/or impeded by the gradient interface (Chen et al., 2008; Huang et al., 2016). This procedure can make the propagation of
damage preferentially along the direction parallel to interfaces, i.e., reshaping the strain path of UFG layer by promoting the
shrinking strain along direction Z (Fig. 4). It is for this reason that the εz in UFG layers is higher than that in CG layer (Fig. 4(d)). As a
result, the strain discrepancy across interface is enhanced, and the intensity of strain gradient is further increased.

4.2. GNDs pile-up across gradient interface

Following the plastic model of compatible non-homogeneous deformation proposed by Ashby (1970), the density and arrange-
ment of GNDs in strain gradient zone can be derived by inserting an array of dislocations to compensate the excess strain and/or
displacement (Cheng et al., 2018; Li et al., 2017b, 2017a). For the zone with a known inhomogeneous distribution of plastic strain,
the density of GNDs, G, can be calculated by (Gao et al., 1999)

= b/G (1)

where b is the Burgers vector. η is the equivalent strain gradient which is expressed as

Fig. 7. (a) The distribution of strain εx and strain gradient |dεx/dx| at a tensile strain of 13.9%. (b) The evolution of the intensity (I) and width (W) of
strain gradient peaks.
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= 1
2 ijk ijk (2)

and
= uijk k ij, (3)

where ηijk and uk are the strain gradient and the displacement tensors, respectively. In the current study, the statistically averaged εy is
uniformly distributed in the three axial directions, and εx and εz exhibit gradient in the X direction only (Figs. 4 and 6), i.e. εy= C,
εx= h(x) and εz= -C-h(x). Therefore, the first-order approximation of displacement functions u in X, Y and Z directions can be
written as

=u h x d( )x x (4.1)

=u Cyy (4.2)

and

=u h xCz ( )zz (4.3)

where C is a constant. The non-zero components of strain gradient ηijk derived from Eqs. (3) and (4) are

= = = h x( )xxx xzz zxz (5.1)

and

= h x( )zxxz (5.2)

Note that the hydrostatic part of above ηijk components is also equal to 0, which is another necessary condition for plastic
incompressibility. Submitting Eqs. (5) and (2) into Eq. (1) leads to the detailed function of G as follow

= +h x h x z b3 ( ) ( ) /2G
2 2 2 (6)

By slicing the strain gradient zone into n unit layers, one can assume that for each unite layer GNDs are uniformly arranged in the
plane paralleled with the interface (Li et al., 2017a, 2017b). This assumption is a valid approximation since there is no in-layer
structure inhomogeneity. Therefore, the h x z( )2 2 in Eq. (6) can be interpreted as a second-order small component that is ignorable.
The h x( ) in Eq. (6) was calculated numerically by differencing the smoothed data matrix of εx (Figs. 6(d) and 7(a)) along X direction.
The calculated G is plotted as the distance from thickness center in Fig. 8, which shows pronounced increase of GND pile-ups in near-
interface zones. This is similar to the GND pile-ups around the sharp interface between CG and NS layers (Huang et al., 2018; Ma
et al., 2016). These results confirm the roles of gradient interface in undertaking strain gradient and accumulating GNDs, i.e.,
accommodating strain inhomogeneity. It should be noted that the above discussion is based on the assumption that all of the strain
gradient is accommodated by the GNDs, a concept that has been well accepted (Ashby, 1970; Gao et al., 1999).

4.3. Dislocation density gradient in the near-interface zone of UFG layer

To experimentally verify the inhomogeneous distribution of dislocation density in the near-interface zone, the variation of mi-
crostructures in UFG layer with increasing distance from layer boundary were comparatively investigated in the laminates before and
after tensile deformation.

Fig. 9(a–c) show the typical TEM micrograph of the as-received UFG regions with a distance of ∼20 μm, 100 μm and 300 μm from
layer boundary, respectively. As shown, all of the microstructures are composed of recrystallized or recovered UFGs with limited
dislocation density, and there is no significant difference among them. Such homogenous microstructure can be attributed to the

Fig. 8. The distribution of GNDs density, showing the accumulation in the near-interface zone with increasing strain.
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homogeneous thermal-plastic flow in the string zone during processing. Fig. 9(d–f) present the UFG microstructures at a tensile strain
of ∼14%. It is observed that the closest region (Fig. 9(d)) exhibits the most complex microstructure with extremely high dislocation
density in both grain interior and near-grain boundary area, making the grain boundaries ambiguous. For the region with a distance
of ∼93 μm from layer boundary (Fig. 9(e)), dislocation density is obviously lowered, and the grain boundaries are relatively clear.
With the increase of distance (Fig. 9(f)), dislocation density is further reduced, especially in the grain interior.

The multiple slip systems in polycrystalline materials makes it challenging to distinguish GNDs from statistically stored dis-
locations (SSDs), but the gradient variation of dislocation density demonstrates the intense storage of GNDs in near-interface zone
(Ashby, 1970; Cheng et al., 2018). The complex microstructure shown in Fig. 9(d) suggests that the regions near to layer boundary
experienced more serious plastic deformation under a higher stress level. The synergetic constraint induced by the incompatible
deformation of CG and UFG layers changes the applied uniaxial stress to multiaxial stresses, which plays a role in promoting dis-
location multiplication and entanglement (Asaro, 1983; Cheng et al., 2018; Wu et al., 2014a). Since the constraint stresses are higher
as it gets closer to the layer boundary, it is logically reasonable that the regions closer to the boundary experience more serious
deformation (Zhou et al., 2019). These results also emphasize that in the near-interface zone dislocation density gradient is caused by
the synergistic deformation of incompatible layers. It should be noted that only a few of deformation twins were observed in UFGs,
implying that dislocations dominated the plastic deformation of gradient interfaces.

4.4. Extraordinary strengthening effects of gradient interface

The hardness distributions of both laminate and freestanding samples measured at the tensile strain of ∼14% are compared with
that of as-prepared samples in Fig. 10(a). It is clear that two hardness peaks appear at the interfaces after tensile deformation. In
Fig. 10(b), the blue data represents the hardness increment (ΔH) of laminate sample, and the red dotted line is a fitted ΔH distribution
based on the ΔH of freestanding componential layers. It can be seen that big ΔH gaps (the green shadow regions) between the
measured and fitted results appear in the near-interface zones, suggesting extra strain hardening retained in the strain gradient
regions. This confirms that the enhanced flow stress and strain hardening rate found in laminate sample (Fig. 3) are largely caused by
the strain gradient-related strengthening effects of gradient interface (Huang et al., 2018).

The GNDs accumulation in strain gradient zone affects dislocation activities in several ways. Firstly, GNDs act as local obstacles to
mobile dislocations, i.e. playing a similar role as SSDs via. Taylor-type strengthening ( T ) (Gao et al., 1999; Mughrabi, 2006)

= +M bµT s G (7)

Fig. 9. Typical TEM micrographs observed in the UFG layer of laminates (a–c) before and (d–f) after tension, showing the deformation-induced
gradient distribution of dislocation density in near-interface zone. The number at upper right corner of each subgraph represents the distance
between observation region and layer boundary.
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where M, α, μ and s are the Taylor factor, Taylor constant, shear modulus and density of SSDs, respectively.
Secondly, the gradient variation in spatial distribution of G is capable of producing a directional back stress (Ashby, 1970;

Kassner et al., 2013; Voyiadjis and Song, 2019; Zhu and Lu, 2012), which reduces the resolved effective stress of dislocation slip in a
long-range manner, thereby leading to back stress strengthening (Wu and Zhu, 2017). For the present laminate sample, the von-Mises
equivalent back stress ( b) produced by local edge GNDs can be expressed as (Bayley et al., 2006; Li et al., 2017b)

= + µbR
x

16 16 7
8(1 )b

G2
2

(8)

where ν is the Poisson's ratio. R is the integral circular for GNDs to contribute to the back stress, which should be on the order of the
characteristic material length associated with strain gradient plasticity (Gao et al., 1999; Huang et al., 2018).

Moreover, the long-range trapping effect of GNDs accumulation can help with accelerating the statistical storage of dislocations in
the strain gradient zone during straining, which leads to a much higher density of SSDs. As verified in gradient nanotwinned Cu, the
formation of GNDs distribution led to the rapid accumulation of SSDs, resulting in an exceptionally high total density of dislocations
that was not reachable in a freestanding homogeneous counterpart, although GNDs density accounted for only a very small pro-
portion of the total dislocation density (Cheng et al., 2018). This mechanism in heterostructure is encouraged by the synergetic
constraint-induced multiaxial stresses which provides an opportunity to activate more slip systems (Asaro, 1983).

Considering the above strengthening mechanisms in a strain gradient zone, the extra flow stress ( ) generated from the gradient
interface in CG/UFG laminate can be approximately calculated by superposing the contribution of each unite layer

= +
=

f ( )
i

n

i Ti bi
1 (9)

and

= +M µb ( )Ti si Gi sialone (9.1)

= + µbR
x

16 16 7
8(1 )bi

Gi

i

2
2

(9.2)

where fi, si, Gi and x/Gi i represent the volume fraction, density of SSDs, density of GNDs and its average gradient of the ith layer,
respectively. sialone is the density of SSDs in a freestanding ith layer. These extraordinary strengthening effects around the gradient
interface are responsible for the extra flow stress in Fig. 3(a). In addition, the gradual increase of GND pile-up also helps with
maintaining high strain hardening rate (Fig. 3(b)), i.e. producing synergetic work hardening (Park et al., 2018; Wu et al., 2015).

4.5. Comparison of the extraordinary strengthening effects between gradient and sharp interfaces

Note that the strain gradient-dominated affected zone (∼500 μm in width) of gradient interface is much wider than that
(∼10 μm) of the sharp NS/CG interface in roll-bonded laminate (Huang et al., 2018; Ma et al., 2016). Since both the superimposed
back stress and extraordinary dislocation strengthening are higher as the strain gradient zone is wider (Eq. (9)), it is logically
reasonable to expect that the wider the strain gradient zone around interface, the higher synergetic strengthening can be induced.
These results may suggest that gradient interface is more efficient in producing synergetic strengthening.

The present UFG/CG laminate can be considered as a sandwich-structured composite with two discrete interfaces. Here data of
the extra strength contributed by the gradient interface in CG/UFG/CG sandwiches (Wang et al., 2019), the sharp interfaces in UFG/
CG/UFG and CG/NS/CG sandwiches (Liang et al., 2017; Ma et al., 2015) are collected and analyzed. Fig. 11 presents a comparison of

Fig. 10. (a) Hardness distribution of laminate, freestanding CG and UFG samples measured before and after tension. (b) The hardness increment
(ΔH) of samples. The insert and the shadow region in (b) are the extraordinary hardness increment in the near-interface zone of laminate sample.
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the synergetic strengthening effect between gradient and sharp interfaces. The normalized parameter /y ROM y, is used to evaluate
the synergetic strengthening in different materials, where y and ROM y, are the experimentally measured extra yield strength and the
predicted yield strength using rule of mixture. It is clear that the sandwiches with gradient interface achieve much higher synergetic
strengthening than the sandwiches with sharp interface.

If more gradient interfaces are introduced in the heterostructure, more pronounced synergetic effects could be obtained due to the
increase of total volume fraction of strain gradient zone (Abu Al-Rub, 2008; Wu and Zhu, 2017). Since the synergetic interaction
across interface is intrinsic to the deformation of heterogeneous domains with mechanical incompatibility, the macroscopic interface
discussed here can also be viewed as an enlarged model interface for understanding the effects of microscopic interface in the
structure composed of heterogeneous domains.

5. Conclusions

In summary, the effects of gradient interface on the strain behavior and mechanical responses of a CG/UFG laminate were studied
by tensile test, height profile and DIC strain measurements, and microstructure observation. The main conclusions are summarized as
below:

1) An enhanced strength-ductility synergy was found in the heterogeneous laminate, which can be primarily attributed to the
extraordinary strengthening and work hardening effects originated from gradient interfaces.

2) The gradient interface plays a role in accommodating the strain incompatibility between layers via forming gradient strain
distribution. The width of the zone with strain gradient remains a constant, whereas the intensity of strain gradient increases with
increasing applied strain.

3) GNDs accumulation in strain gradient zone was theoretically derived and experimentally verified, which induces extraordinary
strengthening by producing long-range back stress and promoting dislocation storage.

4) Owing to the formation of wider strain gradient zone around it, gradient interface is more effective than sharp interface in
producing extraordinary strengthening.
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