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a b s t r a c t

Multilayer laminates with a 304 stainless steel as surface layers and with a low C steel and

a medium-Mn steel as alternating central layers have been developed in the present study.

The number of interfaces and the layer thickness have been varied, while maintaining the

similar microstructures for each layer. The uniform elongation is observed to increase from

10.1% to 37.8%, and the product of strength and elongation is found to increase from

13.6 GPa$% to 36.8 GPa$% monotonically with decreasing layer thickness in multilayer

laminates, while the yield stress remains almost constant. Firstly, deformation-induced

martensite transformation is significantly promoted with decreasing layer thickness.

Secondly, the more interfaces can induce the accumulation of higher density of geomet-

rically necessary dislocations, resulting in better mechanical properties. Lastly, the main

cracks nucleate and propagate at the interfaces of low C steel layers and medium Mn steel

layers, thus the samples with smaller layer thickness have more interfaces and require

more energy consumption during the micro-fracture process, resulting in better tensile

performance.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Strength and ductility, themost important two parameters for

structural applications, are mutually exclusive in general for
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metals with homogeneous structures [1,2]. The attempt in

enhancing yield strength by cold working or grain refinement,

is inevitably leading to a loss of tensile ductility [3,4].

Imparting large ductility to high strength metals by novel

designs is a challenge and is always desirable for practical
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applications. Heterogeneous structures, a new class of mate-

rials with different domains in which mechanical properties

(such as strength/hardness) are dramatically varied, have

been considered as a promising strategy to obtain both high

strength and large ductility [5e21]. Stress/strain partitioning

among various domains, strain gradients across the domain

boundaries, pile-up of geometrically necessary dislocations

(GNDs) near the domain boundaries and hetero-deformation-

induced (HDI) hardening have been found to be the origins for

the extraordinary mechanical properties in metals with het-

erogeneous structures [7,10,13,22,23].

In last two decades, several heterogeneous structures,

such as gradient structures [5e8], heterogeneous grain struc-

tures [9e11], nanodomained structures [12], and heteroge-

neous lamella structures [13e21], have been proposed to

achieve excellent synergy of strength and ductility in metals

and alloys. As one type of heterogeneous lamella structures,

multilayer laminates recently have attracted massive

research interests due to their superior tensile properties by

optimizing the parameters of microstructures, such as the

layer thickness and the difference in strength/hardness across

the layer interfaces [16,19e21,24e26]. Due to the strain gra-

dients and the accumulations of GNDs at the layer interfaces,

interface-affected-zone (IAZ) has been defined based on a

dislocation ledge model, and the width of IAZ has been found

to be several micrometers and to remain constant during

tensile deformation [15,16,19]. Thus, the tensile ductility in

multilayer laminates can be optimized 16 by adjusting layer

thickness, since the IAZ area increases first with decreasing

layer thickness, and then decreases with further reducing

layer thickness due to the overlap of adjacent IAZs [19].

Moreover, the yield strength, the strain hardening ability

and the uniform elongation have been found to be far beyond

the predicted values by rule of mixture due to the HDI effects

and the enhanced interface constraint effects [21]. Crystal

plasticity finite element simulations based on 3D discrete

dislocations have been conducted to reveal the extra

strengthening/hardening mechanisms in the multilayer lam-

inates [14], the results have indicated that the multilayer

laminates can homogenize the plastic deformation in the

brittle layers, weakening the effect of strain concentrations

and delaying the strain instabilities in the brittle layers.

Among various steels, the medium-Mn transformation-

induced-plasticity (TRIP) steels have been considered as the

promising materials for structural applications demanding

high strength, large ductility and high energy absorption, due

to their strong strain hardening capacity by TRIP effect and

their relative low cost [27e30]. Moreover, stainless austenitic

steels [31e35] have also attracted extensive research interests

due to their excellent mechanical properties by twinning-

induced-plasticity (TWIP) and/or TRIP effects and their supe-

rior corrosion resistance. While, the possible effects of layer

thickness on deformation-inducedmartensite transformation

and tensile behaviors in the multilayer laminates with the

medium-Mn TRIP steels and the stainless steels are still un-

clear. For applications as structural materials under corrosion

environment, multilayer laminates with a 304 stainless steel

as surface layers and with a low C steel and a medium-Mn

steel as alternating central layers, have been developed and

fabricated by hot-rolled (HR) bonding in the present study. The
number of interfaces and the layer thickness have been var-

ied, while maintaining the similar microstructures for each

layer during the HR bonding process. Then, effects of layer

thickness on the TRIP effects and the tensile properties for

the produced multilayer laminates have been studied, and

the corresponding deformation mechanisms have been

systematically revealed by the detailed microstructural

characterizations.
2. Materials and experimental methods

2.1. Material

The chemical compositions of the investigated lowC steel, the

medium Mn steel and the 304 stainless steel are 1.0Mn-0.2C-

0.02Ti-0.04Nb, 6.7Mn-0.46Al-0.28C and 19Cre10Ni-1.2Mn-

0.05C (all in mass % and with the balance of Fe), respectively.

HR bonding was used to fabricate the multilayer laminates

with the 304 stainless steel as surface layers and with the low

C steel and themedium-Mn steel as alternating central layers.

For convenience, the 304 stainless steel layer, the low C steel

layer and themedium-Mn steel layer are denoted as “S-layer”,

“L-layer” and “M-layer”, respectively. The initial thickness of

the low C steel and themedium-Mn steel prior to hot rolling is

about 4.5 mm, while that of the 304 stainless steel is about

1.1 mm. 4-layered, 6-layered, 10-layered and 18-layered lam-

inates were fabricated by HR bonding between 1150 �C and

900 �C, and the HR slabs all have a final thickness of about

5.5 mm. The layer thicknesses for L-layers in 4-layered, 6-

layered, 10-layered and 18-layered HR multilayer laminates

are about 2.01, 1.27, 0.56, and 0.26 mm, respectively, and are

about 2.07, 1.01, 0.49, and 0.25 mm for M-layers, respectively.

The layer thicknesses for S-layers are all the same (about

0.61mm) in 4-layered, 6-layered, 10-layered and 18-layeredHR

multilayer laminates. In order to produce good bonding in-

terfaces with high bonding strength, the HR slabs were

annealed at 1000 �C followed by fast cooling with a cooling

rate of 30 �C/s and pickling. The schematic diagrams for the

HR multilayer laminates are shown in Fig. 1(a). The HR

multilayer laminates were annealed at an intercritical tem-

perature of 640 �C for 30 min followed by water quenching,

and then were subjected to cold rolling with a total thickness

reduction of 73%. Two middle annealing processes with an

annealing temperature of 600 �C for 10 min followed by air

cooling, were carried out during cold rolling at thickness re-

ductions of 27% and 45%, respectively. The thickness reduc-

tion ratios for individual layers in multilayer laminates were

nearly the same during HR bonding and cold rolling. Finally,

the cold-rolled (CR) sheets were intercritically annealed at

645 �C for 30 min followed by air cooling, and these sheets

were denoted as CRA sheets for convenience. The schematic

diagrams for the CR multilayer laminates are shown in

Fig. 1(b). The layer thicknesses for L-layers in 4-layered, 6-

layered, 10-layered and 18-layered CR multilayer laminates

are about 610, 335, 140, and 75 mm, respectively, and are about

590, 280, 130, and 72 mm for M-layers, respectively. The layer

thicknesses for S-layers are all the same (about 150 mm) in 4-

layered, 6-layered, 10-layered and 18-layered CR multilayer

laminates.
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Fig. 1 e The schematic diagrams for HR and CR multilayer laminates. (a)e(d) 4-layered, 6-layered, 10-layered and 18-layered

HR laminates, respectively. (e)e(h) 4-layered, 6-layered, 10-layered and 18-layered CR laminates, respectively. Red: 304

stainless steel. Yellow: Low C steel. Cyan: Medium-Mn steel.
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2.2. Experimental procedure

The plate tensile specimens with dog-bone shape and gauge

dimensions of 18 mm � 2.5 mm � 1.5 mm, were cut from the

CRA sheets with longitudinal axis parallel to the rolling di-

rection. The uniaxial quasi-static tensile tests were carried out

using an MTS 973 testing machine operating at a strain rate of

5 � 10�4 s�1 and at room temperature. A 10 mm extensometer

was used to accurately control andmeasure the displacement

during tensile tests. The tensile testing was performed more

than three times for each condition to verify the

reproducibility.

In-situ high energy X-ray diffraction (HE-XRD) measure-

ments were carried out on the beam-line 11-ID-C, at the

Advanced Photon Source (APS), Argonne National Laboratory.

The detailed experimental set-up can be found in the previous

research [36]. Dimensions of the tensile specimen in the gage

part for the in-situ tension testswere 10mm� 3mm� 1.5mm.

During tensile loading, a monochromatic X-ray beam with

energy ~105 keV (l ¼ 0.1173 nm) and beam size of

500 mm � 500 mm was used. A 2-D detector was placed about

1600 mm behind the tensile sample to record the scattering

intensity. Crystallographic planes were determined from the

diffraction patterns and the lattice strainswere calculated from

the change of the measured inter-planar spacing.

The distributions of Vickers micro-hardness across in-

terfaces for various samples prior to and after tensile tests

were also obtained on the polished sample surfaces using a

Vickers diamond indenter under a load of 10 gf for 15 s dwell

time. Five groups of measurements for each point were ob-

tained, the average value was taken and the error bar was also

provided.

Electron backscatter diffraction (EBSD) and transmission

electron microscopy (TEM) were used to characterize the mi-

crostructures prior to and after tensile deformation. EBSD ob-

servations were performed utilizing a ZEISS Gemini 300 SEM

with an EBSD detector. The minimum scanning step of 35 nm

was used during the EBSD acquisition. The surfaces for EBSD

observations were first grinded by sandpapers, and then pol-

ished by a 0.5 mm diamond polishing powder and a 20 nm SiO2

aqueous suspension. TEM observations were performed
utilizing a JEOL-2100F at 200 kV. The TEM samples were pre-

pared and thinned by mechanically polishing first, followed by

a twin-jet polishing using a solution of 5% perchloric acid and

95% ethanol at �40 �C and under 65 V. Scanning electron mi-

croscopy (SEM) was also used to characterize the fracture sur-

face. SEM observations were performed utilizing a JSM-7001F.
3. Results and discussion

3.1. Heterogeneous structure and hardness difference

The Vickers micro-hardness distributions along the thickness

direction for 6-layered, 10-layered and 18-layered CRA multi-

layer laminates prior to tensile deformation are displayed in

Fig. 2(a). The hardness has a significant difference among the S-

layer, the L-layer and the M-layer, which can generate GNDs at

the area near the interface during deformation due to strain

incompatibility [7,19,37e40]. The highest hardness is detected

in the S-layer due to unrecrystallized grains during annealing

process, which will be displayed later. Moreover, the hardness

near the interface in each layer is different from that far from

the interface. In the S-layer, the hardness at the area near the

interface is higher than that far from the interface, due to C

atomdiffusion from either the L-layer or theM-layer into the S-

layer, resulting in inhibited austenite recrystallization and

increased hardness at the area near the interface for the S-layer

[20]. However, the hardness of the L-layer and the M-layer at

the area near the S-layer interfaces becomes lower as

compared to those far from the interfaces. This phenomenon

becomes inapparent with decreasing layer thickness, which

can be attributed to a reduction of IAZwidth [19,20] as shown in

Fig. 2(b). Therefore, the hardness exhibits a gradient distribu-

tion on both sides of the interface. The average statistical

hardness for each layer is calculated in Fig. 2(c) and the initial

hardness is almost unaffected by the layer thickness. The

hardness differences between S-layer/M-layer, S-layer/L-layer

and M-layer/L-layer are also calculated in Fig. 2(d). It is evident

that the significant hardness difference between the M-layer

and the L-layer has been successfully designed in the present

study.
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Fig. 2 e The Vickers micro-hardness distributions for CRA multilayer laminates prior to tensile deformation. (a) The

hardness distributions along the thickness direction for 6-layered, 10-layered and 18-layered laminates. (b) The width of

IAZ. (c) The average statistical hardness for the S-layer, the L-layer and the M-layer. (d) The average hardness differences

between S-layer/L-layer, L-layer/M-layer and M-layer/S-layer.
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The synchrotron HE-XRD patterns of 6-layered and 18-

layered CRA laminates prior to tensile deformation are

shown in Fig. 3. The diffraction peaks of a-ferrite and g-

austenite are clearly identified, and the close-up views of the

small diffraction peaks of carbide are also displayed in the

insets.
Fig. 3 e The synchrotron HE-XRD patterns of CRA multilayer lam

laminate; (b) The 18-layered laminate.
The density of GNDs can be estimated by the kernel

average misorientation (KAM) value using a method based on

the strain gradient theory, which was proposed by Gao and

Kubin [38,41]:

rGND ¼ 2q=lb
inates prior to tensile deformation: (a) The 6-layered

https://doi.org/10.1016/j.jmrt.2023.07.006
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Fig. 4 e EBSD images for CRA multilayer laminates prior to tensile deformation. (a) and (b) Phase maps and corresponding

KAM maps at the area near the interface for 6-layered and 18-layered laminates, respectively. (c) and (d) Phase maps with

grain boundaries for S-layers at the area far from the interface in 6-layered and 18-layered laminates, respectively. (e) and (f)

Phase maps with grain boundaries for M-layers at the area far from the interface in 6-layered and 18-layered laminates,

respectively. (g) and (h) Phase maps with grain boundaries for L-layers at the area far from the interface in 6-layered and 18-

layered laminates, respectively, and the grain size distributions are displayed in the insets.
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where rGND is the GND density at local points, q is the

misorientation at local points, l is the unit length for the local

points, and b is Burger's vector for the materials.

Fig. 4 shows EBSD phase maps and KAM maps prior to

tensile deformation. Fig. 4(a) and (b) show EBSD phase maps

and corresponding KAM maps at the area near the interface.

The interfaces can be easily identified in these figures, and the

microstructures across the interfaces are highly
heterogeneous. The microstructure of the S-layer at the area

near the interface is only composed of unrecrystallized

austenitewith high density of GNDs, but themicrostructure of

the S-layer at the area far from the interface is mainly

composed of partial recrystallized austenite and unrecrystal-

lized austenite as shown in Fig. 4(c) and 4(d). The low resolu-

tion fraction of EBSD for the S-layer can be attributed to severe

plastic deformation by cold rolling and non-recrystallization

https://doi.org/10.1016/j.jmrt.2023.07.006
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Fig. 5 e Tensile properties for CRA multilayer laminates. (a) Tensile engineering stress-strain curves. (b) Product of strength

and total elongation (UTS £ TE) versus uniform elongation (UE), in which the layer number and thickness for each sample

are also indicated.
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during intercritical annealing process. The microstructure of

the M-layer mainly consists of austenite and ferrite as shown

in Fig. 4(e) and (f), and the average grain sizes of austenite and

ferrite are about 0.42 mm and 0.58 mm, respectively, for all

multilayer laminates with different layer thickness. A little

volume fraction of Fe3C is only found in theM-layer. Austenite

disappears and the microstructure of M-layer is mainly

composed of ferrite at the area near the M-layer/L-layer

interface, which could be due to the existence of IAZ. The

width of zone without austenite decreases with decreasing

layer thickness, which are about 6 mm and 3 mm for 6-layered

and 18-layered laminates, respectively. The average volume

fractions of austenite in M-layers significantly increase with

decreasing layer thickness, which are about 28.6% and 49.2%

for 6-layered and 18-layered laminates, respectively. There-

fore, the ability of reverse transformation from martensite

into austenite in the CR multilayer laminate during inter-

critically annealing is promoted with decreasing layer thick-

ness. The microstructure of the L-layer is only composed of

recrystallized ferrite as shown in Fig. 4(g) and (h), and the

average grain sizes are about 4.0 mm and 7.6 mm for 6-layered

and 18-layered laminates, respectively. These results reveal a

significant microstructural difference between the M-layer

and the L-layer.
Fig. 6 e The Vickers micro-hardness measurements for CRA m

hardness distributions along the thickness direction for 6-layer

statistical hardness for the S-layer, the L-layer and the M-layer

tensile deformation.
3.2. The effect of layer thickness on tensile properties

Fig. 5(a) shows the tensile engineering stress-strain curves of

the investigated multilayer laminates with different layer

thickness. It is obvious that the ductility and the product of

strength and elongation significantly increasewith decreasing

layer thickness, but the yield stress remains almost constant,

as shown in Fig. 5. These observations indicate that a smaller

layer thickness can result in more heterogeneous interfaces,

which are beneficial for strain hardening and ductility. Thus, a

better synergy of strength and ductility can be achieved for the

samples with smaller layer thickness, the trade-off between

the strength and ductility can be resolved by adjusting the

layer thickness in themultilayer laminates. The stress plateau

that occurs after the yield point, which is known as Lüders

band, can be observed in tensile deformation for all multilayer

laminates, due to the lack of mobile dislocations in the ul-

trafine grainedmicrostructures of the S-layer and theM-layer,

leading to insufficient strain hardening capacity.

Deformation-induced martensitic transformation can be

triggered once a critical plastic strain is achieved in the Lüders

band region, resulting in the prevention of further strain

localization [30,35,42]. After the Lüders band, a strain hard-

ening stage is observed. Therefore, the shape of these tensile
ultilayer laminates after tensile deformation. (a) The

ed, 10-layered and 18-layered laminates. (b) The average

. (c) The average hardness increment for each layer after

https://doi.org/10.1016/j.jmrt.2023.07.006
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Fig. 7 e The in-situ HE-XRDmeasurements of 6-layered and 18-layered CRA laminates. (a) and (b) Diffraction peaks of 211a/a'

and 311g with increasing applied strains for 6-layered and 18-layered laminates, respectively. (c) The lattice strain of 211a/a'

and 311g planes versus applied strain. (d) The FWHM (dislocation density) of 211a/a' and 311g planes versus applied strain.
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curves may be attributed to the presence of the ultrafine

grained microstructures of the S-layer and the M-layer.

3.3. Deformation-induced martensite transformation
and dislocation behavior

After tensile deformation, the Vickers micro-hardness distri-

butions along the thickness direction for 6-layered, 10-layered

and 18-layered CRA multilayer laminates are displayed in

Fig. 6(a). The average statistical hardness for each layer is

calculated in Fig. 6(b), and the hardness increment for each

layer prior to and after tensile deformation is calculated in

Fig. 6(c). It is obvious that the hardness increases in every layer

after tensile deformation. Moreover, the hardness increment

for the M-layer significantly increases with decreasing layer

thickness.

Themicrostructural evolution for 6-layered and 18-layered

CRA laminates during tensile deformation are investigated by

the in-situ synchrotron HE-XRD as shown in Fig. 7. An in-

crease in full width at half maximum (FWHM) of the 211a/a'
and 311g diffraction peaks with increasing applied strains for

6-layered and 18-layered laminates are shown in Fig. 7(a) and
(b), respectively. Fig. 7(c) shows the lattice strain evolution of

211a/a' and 311g planes as a function of applied strain. After

yielding, the difference in lattice strain between a/a0 and g

indicates that load partitioning takes place. Moreover, more

interfaces result in smaller difference in load partitioning

between two phases. This could be attributed to the compat-

ible deformation by interface, thusmore interfaces can reduce

the difference in load partitioning between two phases and

significantly increase the ductility. Fig. 7(d) shows the FWHM

(which can be expressed as dislocation density) evolution of

211a/a' and 311g planes as a function of applied strain

[41,43,44]. At the same applied strain, the dislocation densities

for 6-layered and 18-layered CRA laminates are almost equal.

Due to more interfaces, higher density of GNDs could be

induced at interfaces. Thus, the difference in GND density

between two phases is reduced and the deformation between

two phases is more compatible, which can significantly in-

crease the ductility.

Fig. 8(a)-8(f) show EBSD phase maps after tensile defor-

mation. Fig. 8(a) and (b) show the area near the interface for 6-

layered and 18-layered CRA laminates, respectively. Fig. 8(c)

and (d) show S-layers at the area far from the interface for 6-

https://doi.org/10.1016/j.jmrt.2023.07.006
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Fig. 8 e EBSD images for CRAmultilayer laminates after tensile deformation. (a) and (b) Phasemaps with grain boundaries at

the area near the interface for 6-layered and 18-layered laminates, respectively. (c) and (d) Phase maps with grain

boundaries for S-layers at the area far from the interface in 6-layered and 18-layered CRA laminates, respectively. (e) and (f)

Phasemaps with grain boundaries for M-layers at the area far from the interface in 6-layered and 18-layered CRA laminates,

respectively. (g) and (h) KAM maps for 6-layered and 18-layered laminates, respectively. (i) and (j) The evolution of KAM

values for M-layer/L-layer interfaces prior to and after tensile deformation, respectively. (k) The increments of KAM values

for M-layer/L-layer interfaces prior to and after tensile deformation.
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layered and 18-layered CRA laminates, respectively. Fig. 8(e)

and (f) show M-layers for 6-layered and 18-layered CRA lam-

inates, respectively. Deformation-induced martensite trans-

formation is observed in M-layers and S-layers. The volume

fractions of retained austenite for M-layers after tensile
deformation are about 15.1% and 12.0% in 6-layered and 18-

layered CRA laminates, respectively. Thus, the total volume

fractions of deformation-induced martensite transformation

for M-layers are about 13.5% and 37.2% in 6-layered and 18-

layered CRA laminates, respectively. The volume fractions of

https://doi.org/10.1016/j.jmrt.2023.07.006
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Fig. 9 e TEM images after tensile deformation for the 18-layered laminate at the area near the L-layer/M-layer interface. (a) L-

layer; (b) L-layer/M-layer interface; (c) M-layer.
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deformation-induced martensite transformation for S-layers

are about 59.5% and 98.1% in 6-layered and 18-layered CRA

laminates, respectively. Therefore, deformation-induced

martensite transformation is significantly promoted with

decreasing layer thickness, which can contribute to the larger

ductility.

Strain partitioning across the interfaces should occur

during the plastic deformation for the multilayer laminates,

resulting in strong strain gradient at the area near the in-

terfaces. Therefore, how the density of GNDs evolves prior to

and after tensile deformation should be characterized. KAM

maps at the area near the M-layer/L-layer interface after

tensile deformation are shown in Fig. 8(g) and (h). Fig. 8(i) and

(j) show the evolution of KAM values prior to and after tensile
Fig. 10 e The SEM images for transverse direction of fracture se

The close-up views of the S-layer/L-layer interface, the M-layer

respectively. The insets in (b)e(d) are the IPF maps for the close
deformation, respectively. The increments of KAM value after

tensile deformation are shown in Fig. 8(k). It is obvious that

the increments of KAM values for M-layers are higher than

that for L-layers, and the increments of KAM values for M-

layers significantly increase with decreasing layer thickness,

which are consistent with the result of hardness increments

for M-layers as shown in Fig. 6(c). Moreover, the closer to the

interface, the higher the KAM value after tensile deformation,

which is consistent with the results of HE-XRD. GNDs can pile

up at the area near the interface and among the various do-

mains to accommodate the strain gradient and produce back

stress in the soft domains and forward stress in the hard do-

mains, which together produces the HDI stress [37,45e47]. The

interface can promote the accumulation of dislocations,
ction in the 6-layered laminate. (a) Fracture surface. (b)e(d)

/S-layer interface and the L-layer/M-layer interface in (a),

-up views of corresponding interfaces.
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Fig. 11 e The SEM images for fracture morphology of the 6-layered laminate. (a) Fracture morphology. (bed) The close-up

views of the S-layer/L-layer interface, the L-layer/M-layer interface and the M-layer/S-layer interface in (a), respectively.

(eeg) The close-up views of the S-layer, the L-layer and the M-layer, respectively.
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which delocalizes the plastic strain and prevents the prema-

ture necking [48], the more interfaces, the better the me-

chanical properties, as shown in Fig. 5.

TEM images after tensile deformation for the 18-layered

laminate at the area near the L-layer/M-layer interface are

displayed in Fig. 9. High density dislocations are found in both

L-layers and M-layers as shown in Fig. 9(a) and (c). It appears

that the dislocation density of the M-layer after tensile

deformation is significantly higher than that of the L-layer.

The smaller grains with lamellar morphology are detected in

the M-layer, while the larger grains are found in the L-layer.

Furthermore, it is interesting to note that accumulation of

abundant dislocations can be observed at the area near the M-

layer/L-layer interface as shown in Fig. 9(b). These results

reveal significant differences in microstructure and disloca-

tion density between the two layers after tensile deformation.

Meanwhile, the M3C carbide can be shear by dislocations,

which indicates the presence of dislocation behavior. There-

fore, deformation-induced martensite transformation

(Fig. 9(c)) and dislocation behaviors dominate the plastic

deformation of multilayer laminates.

3.4. Fracture mechanism

The SEM images for transverse direction of fracture section

in the 6-layered laminate are displayed in Fig. 10. The S-

layer/L-layer interface bonding and the S-layer/M-layer

interface bonding are relatively good, and the main cracks

nucleate and propagate at the L-layer/M-layer interfaces.

The interfaces are identified by IPF maps with close-up

views, as shown in Fig. 10(bed). The SEM images for frac-

ture morphology of the 6-layered laminate are displayed in

Fig. 11. A significant crack is identified at the L-layer/M-layer

interface as illustrated in Fig. 11(c), while the S-layer/L-layer

interface and the M-layer/S-layer interface are almost intact,

as illustrated in Fig. 11(b) and (d). Larger dimples are typically

observed in L-layers, while smaller ones are commonly

found in S-layers. These observations are consistent with the

grain sizes of these layers. Moreover, plastic tearing features

can be identified in M-layers. The crack propagation requires

energy consumption during the micro-fracture process [41],

so the more interfaces, the more energy consumption, the

better performance.
4. Conclusions

In summary, the ductility and the product of strength and

elongation are observed to significantly increase with

decreasing layer thickness in multilayer laminates, but the

yield stress remains almost constant.

1) Transformation-induced-plasticity effect plays an impor-

tant role in plastic deformation and provides strain hard-

ening, deformation-induced martensite transformation is

significantly promoted with decreasing layer thickness.

2) Geometrically necessary dislocations can pile up at the

area near the interface, therefore, the interface can pro-

mote the accumulation of dislocations, which delocalizes

the plastic strain and prevents the premature necking.
Thus, the more interfaces can result in better mechanical

properties.

3) The main cracks nucleate and propagate at the low C steel

layer and the medium-Mn steel layer interfaces. The crack

propagation requires energy consumption during the

micro-fracture process, so the more interfaces, the more

energy consumption, the better performance. The present

results provide insights and procedures to improve

ductility without sacrifice of strength in the heterogeneous

multilayer laminates.
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