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Abstract: Layered metal composites play an increasingly important role in aerospace, automotive, 
and nuclear energy. Compared with a single metal or alloy, the layered metal composite exhibits an 
excellent strong-plastic matching effect. In this paper, multilayer TWIP/40Si2CrMo steels with dif-
ferent hot rolling reductions were successfully fabricated by the vacuum hot rolling. The results 
show that the multilayer steels can improve the lower yield strength of TWIP steel and lower the 
fracture elongation of 40Si2CrMo steel. In addition, with the increase of the hot rolling reduction, 
the mechanical properties and interfacial bonding strength of multilayer steels were improved, 
while the size and number of interfacial oxides decrease, and the fracture mode was also changed. 
This shows that a higher hot rolling reduction will promote the breakage of the interface oxides and 
make them appear dispersed, thereby improving the bonding strength of the interface, effectively 
suppressing the delamination and local necking of the multilayer steel, and making the multilayer 
steel show a higher ability of uniform plastic deformation. At the same time, under the dual action 
of layer thickness scale and interface strengthening effect, the brittle layer of multilayer steel pre-
sents a multiple tunnel crack mode. It was beneficial to alleviate the stress concentration and further 
improve the strengthening and toughening effect of multilayer steel. 
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1. Introduction 
It was well known that TWIP steel has high plasticity and induces deformation twins 

in (FCC)γ austenite matrix under an external load, which significantly delays the necking 
of steel. In addition, TWIP steel also has excellent formability, high strain hardening, and 
high energy absorption capacity [1]. Therefore, TWIP steel was considered the second 
generation of advanced high-strength steel (AHSS), which has been widely used in light-
weight materials for automobiles. However, the low yield strength limits its further ap-
plication. To solve these problems, severe plastic deformation (SPD) methods [2–4], such 
as cold rolling, accumulative roll bonding, caliber rolling, and equal channel angular 
pressing were used to achieve strengthening. Although these methods can effectively im-
prove the yield strength of TWIP steel, they will lead to a rapid decrease in plasticity. In 
addition, the strain stability of severely deformed microstructure is still an unsolved prob-
lem. Compared with TWIP steel, 40Si2CrMo medium carbon low alloy steel especially 
after quenching has a higher yield strength and tensile strength, but a large loss of plas-
ticity limits its practical industrial application. At present, there are few studies on 
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improving the plasticity of 40Si2CrMo medium carbon low alloy steel, and there is no 
systematic research work. 

The multilayer structure is composed of an alternating high strength (hard) layer and 
high plastic (soft) layer, which can increase the mechanical properties of the material and 
has been widely used in industrial production [5]. On one hand, the stress and strain of 
the soft phase layer and the hard phase layer were redistributed during deformation, and 
the higher load of the soft phase layer can be transferred to the hard phase layer through 
the interface. On the other hand, its plasticity can also be enhanced by the interface energy 
dissipation mechanism to improve damage tolerance [6]. Pozuelo et al. [7] successfully 
manufactured 70 layers of multilayer steels of ultra-high carbon steel and low carbon steel 
that were alternately stacked by hot rolling. They found that the impact absorption energy 
of multilayer steel is 70 times and 1.5 times that of the two constituent materials, respec-
tively. Kang et al. [8] studied the layered clad steel plate that was composed of IF steel-
TWIP steel-IF steel and found that each layer would produce uniform strain during hot 
rolling, which ensured the consistency of layer thickness. Grain boundary hardening and 
deformation twinning of TWIP steel improved the mechanical properties of the material. 
Toshihiko et al. [9] found that multilayer steel has good comprehensive mechanical prop-
erties through interface delamination and tunnel crack toughening mechanisms in the 
process from development to application. Many studies had shown that the physical, 
chemical, and mechanical properties of multilayer steels were much better than those of 
constituent metal materials [10,11]. As shown in Figure 1, most of the component materi-
als were located below the “banana curve” (strength-toughness trade off relationship 
curves), while the multilayer steels were significantly higher than the banana curve and 
have strength-toughness synergism. Therefore, the metal multilayer composites that are 
composed of alternating metals have been recognized as the crucial role to solving the 
strength-toughness trade-off relationship in previous studies. 

 
Figure 1. Strength-plastic relationships of monolithic metal materials and multilayer steels. 

It had been reported that the mechanical properties of multilayer steels generally fol-
low the mean rule, but the elongation deviates from the mean rule due to interfacial de-
lamination. Song et al. [12] found that the fracture toughness of biomimetic laminated 
ceramics was lower than that of natural shells. One of the main reasons was that the in-
terfacial delamination crack length that was produced by biomimetic laminated ceramics 
was about four times longer than the natural laminated shells. However, if the multilayer 
steel has a strong bonding interface when the hard phase layer has a tendency of local 
necking, the soft phase layer will produce a strong necking-inhibition effect on the hard 
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phase layer through the interface, until the fracture will not produce obvious tunnel cracks 
and interface delamination cracks, which has a strong coordination ability of interface de-
formation [13,14]. Therefore, it was expected to form a suitable interface, which not only 
maintains a certain bond strength but also has slight delamination to prevent necking or 
cracking in the hard phase layer, thereby obtaining higher strength and ductility. 

In this paper, multilayer TWIP/40Si2CrMo steels were fabricated by vacuum hot rolling 
with three different hot rolling reductions. The multilayer steels not only inherited the high 
plasticity and high work hardening ability of TWIP steel but also continued the high yield 
strength of 40Si2CrMo steel. The microstructure and mechanical properties of multilayer 
TWIP/40Si2CrMo steels with three hot rolling reductions were studied, the evolution of inter-
facial bonding strength and its effect on the strength and ductility of the multilayer steels were 
analyzed, and the strengthening and toughening mechanism of the interfacial area were clar-
ified, which provided the experimental and theoretical basis for high-quality multilayer steels. 

2. Materials and Methods 
The multilayer steel consists of 120 layers of alternating Fe-18Mn-1.5Al-0.6C TWIP steel 

and 40Si2CrMo medium carbon low alloy steel. The chemical compositions of the two steels 
are listed in Table 1. The fabricated process of multilayer TWIP/40Si2CrMo steel mainly in-
cludes three stages: packing billet, vacuum sealing, and hot rolling. The specific fabrication 
process diagram is shown in Figure 2. Firstly, steel sheets with a thickness of 0.5 mm were cut 
on TWIP and 40Si2CrMo ingots. The sample surface was polished with SiC sandpaper and 
then cleaned with acetone and alcohol to remove stains and rust. The clean TWIP and 
40Si2CrMo steel sheets were alternately stacked in the manner of 
“TWIP/40Si2CrMo/TWIP/40Si2CrMo...” into the carbon steel box, as shown in Figure 2a. A 
layer of isolation cloth was covered on the outermost side, which was to prevent carbon dif-
fusion and to easily separate the multilayer composite matrix from the carbon steel box after 
hot rolling. Secondly, a hollow circular tube with a 10 mm diameter hole was welded to the 
side of the carbon steel box wall, and the rest was welded to seal. The billet was vacuum 
treated by a vacuum pump, when the vacuum degree of the billet was less than 10−2 pa, the 
hollow circular tube was clamped with a hydraulic clamp to isolate the outside air and achieve 
a predetermined vacuum degree inside the billet. The billet to be rolled as shown in Figure 2b. 
Finally, the billets were heated in a box-type heating furnace at 1200 °C for 1 h for homogeni-
zation treatment and then rolled at different hot rolling reductions, respectively. The total 
thickness of multilayer steels with hot rolling reductions of 80%, 90%, and 95% were 12, 6, and 
3 mm, respectively. 

Table 1. The chemical compositions of TWIP steel and 40Si2CrMo steel [wt.%]. 

Element C Mn Al Si Cr Mo Fe 
Fe-18Mn-1.5Al-0.6C 0.6 18.0 1.5 - - - 79.9 

40Si2CrMo 0.4 - - 2.0 1.0 1.0 95.6 

 
Figure 2. The fabricated process of hot rolled multilayer TWIP/40Si2CrMo steel: (a) packing billet; (b) 
vacuum sealing; (c) hot rolling. 
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The microstructure and interface characteristics of multilayer steels were analyzed 
by an AxioVertA1 optical microscope (OM), JSM-7100F scanning electron microscope 
(SEM) that was equipped with electron back scatter diffraction (EBSD), and transmission 
electron microscope (TEM). The distribution characteristics, morphologies, and sizes of 
interfacial compounds in multilayer steels were analyzed by The JXA-8530F electron 
probe microanalyzer (EPMA). The DUH211S microhardness measurement system was 
carried out to measure the Vickers’ hardness with HV0.1 and hold pressure for 10 s. The 
XRD was carried out at room temperature in a Rigaku (DMAX2500) diffractometer with 
a Cu target and a step size of 0.02°. Tensile and shear properties were tested with an AGS-
50kNX tensile testing machine with a strain rate of 1.67 × 10−3 s−1, and the tensile and shear 
fracture morphologies of the multilayer steels were observed and analyzed by scanning 
electron microscope. The dimensions of the tensile specimens and shear specimens are 
shown in the Figure 3. 

 
Figure 3. Schematic diagram of (a) tensile specimen; (b) tensile-shear specimen. 

3. Results 
Figure 4 shows the microstructures of the original monolithic steels and the hot rolled 

multilayer steels. The microstructure of the original TWIP steel was equiaxed austenite, 
as shown in Figure 4a. Due to the addition of alloy elements such as Si, Cr, and Mo to 
improve hardenability, a large number of needle-like structures, which were typical of 
lower bainite were distributed in the original 40Si2CrMo steel, as shown in Figure 4b. All 
TWIP/40Si2CrMo multilayer steels have straight interfaces with no voids and mi-
crocracks, and a relatively uniform layer thickness, indicating that the multilayer steels 
have well-bonded interfaces and high deformation coordination, as shown in Figure 4c–
h. In addition, with the increase of hot rolling reduction, the thickness of multilayer steel 
decreases, and the grains lengthen along the rolling direction. The grain sizes of three 
kinds of multilayer steels are shown in Table 2. It can be found that the grain size decreases 
slightly with the increase of hot rolling reduction, but the grain size of the TWIP steel layer 
was larger than that of the 40Si2CrMo steel layer. The study found that the decrease of hot 
rolling reduction can contribute to the plasticity of multilayer steel through the layer thick-
ness scale effect [15,16] and that the graded grain structure will generate strong back stress 
and work hardening [17,18]. For example, Hao Ding et al. fabricated multilayer titanium 
with a gradient/lamellar structure and harmonic mixed crystal structure by hot pressing 
sintering and rolling composite process. The synergistic deformation behavior and strain 
gradient effect of the multi-stage structure were analyzed by OM-DIC, SEM-DIC, EBSD-
DIC, and TEM in situ/semi-in situ, the back stress strengthening mechanism in the kine-
matic hardening mode is revealed by cyclic loading [19]. 



Crystals 2022, 12, 1367 5 of 16 
 

 

 
Figure 4. The microstructures of TWIP, 40Si2CrMo, and the multilayer steels with three hot rolling 
reductions: (a) TWIP steel; (b) 40Si2CrMo steel; (c,d) the reduction is 80%; (e,f) the reduction is 90%; 
(g,h) the reduction is 95%. RD: Parallel to the rolling direction; ND: Perpendicular to the rolling 
direction. 

Table 2. Grain sizes of the constituent layer of multilayer TWIP/40Si2CrMo steel with three hot 
reductions. 

Hot Rolling Reduction TWIP Steel (µm) 40Si2CrMo Steel (µm) 
80% 17.2 8.3 
90% 15.9 7.7 
95% 15.0 7.2 

Figure 5 shows the element distributions of multilayer TWIP/40Si2CrMo steels with 
different hot rolling reductions. It can be seen that the interface of all multilayer steels 
mainly forms the oxide of Al, indicating that the Al oxidation cannot be completely 
avoided in multilayer TWIP/40Si2CrMo steel under the condition of 10−2 Pa vacuum de-
grees. When the multilayer steel was in the heating process, the active Al in TWIP steel 
was easy to react with oxygen in the air to form Al2O3 [20]. When the hot rolling reduction 
was 80%, the interfacial oxides of the multilayer steel were larger in size and quantity. 
With the increase of the hot rolling reduction, the layer thickness decreases, and the size 
and quantity of the interfacial oxide gradually become smaller, which was caused by the 
crushing of Al oxides under the action of rolling force, friction, and shearing force. The 
larger size of interfacial oxide will lead to the phenomenon of crack nucleation and expan-
sion along the oxide boundary in the deformation process of multilayer steel, thereby 
causing serious delamination failure of the multilayer steel, so the reduction of the size of 
the hard oxides at the interface was beneficial to the bonding of the heterointerface, along 
with lowering the stress concentration which prevents crack initiation and propagation. 
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Figure 5. EPMA surface scanning of the element distributions of multilayer TWIP/40Si2CrMo steels 
with different hot rolling reductions: (a) 80%; (b) 90%; (c) 95%. 

There were different degrees of element diffusion in the multilayer steels with three 
hot rolling reductions. The specific diffusion distances of the elements are shown in Figure 
6 and Table 3. It can be seen that the diffusion distance of elements such as C, Mn, Si, Cr, 
and Mo decreases with the increase of hot rolling reduction, which leads to the thinning 
of the diffusion layer thickness of the multilayer steel. In the process of hot rolling, the 
diffusion of elements along the interface will reduce the mechanical properties of the mul-
tilayer steel. To obtain excellent mechanical properties, a narrower transition layer was 
often required. So, when the reduction was 95%, the thickness of the diffusion layer of the 
multilayer steel was reduced to about 2 μm, and the highest strength-plasticity match was 
obtained. 

 
Figure 6. EPMA line scan of the element distributions of multilayer TWIP/40Si2CrMo steels with 
different hot rolling reductions. 
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Table 3. The element diffusion distances of multilayer TWIP/40Si2CrMo steels with different hot 
rolling reductions. 

Element 80% (µm) 90% (µm) 95% (µm) 
Mn 5.0 4.4 3.8 
C 2.6 2.8 1.4 
Si 4.4 3.0 2.8 
Cr 4.4 4.4 4.2 
Mo 3.6 3.2 3.2 

Figure 7 shows the microhardness values of multilayer TWIP/40Si2CrMo steels with 
different hot rolling reductions. It was obvious that the hardness of the TWIP steel layer 
was lower than that of the 40Si2CrMo steel layer. For example, when the hot rolling re-
duction was 80%, the hardness of the TWIP steel layer was about 1.5 times that of the 
40Si2CrMo steel layer. This difference in hardness will also show a difference in defor-
mation coordination, which results in a change in fracture mode. In addition, with the 
increase of hot rolling reduction, the hardness of the TWIP steel layer and 40Si2CrMo steel 
layer both increased. This was because the number of dislocations in the constituent layers 
increases, and the packing and winding of dislocations further hinder the movement of 
dislocations, resulting in work hardening, which increases the hardness of the constituent 
layer [21,22]. 

 
Figure 7. Microhardness values of multilayer TWIP/40Si2CrMo steels with different hot rolling re-
ductions. 

Figure 8a shows the engineering stress-strain curves of hot rolling multilayer 
TWIP/40Si2CrMo steels. The specific values are shown in Table 4. It can be seen that the 
yield strength of TWIP steel was lower, only 321 MPa, but has a higher work-hardening 
ability, while 40Si2CrMo steel has higher yield strength, but its fracture elongation was 
only 17.8%. The multilayer steels that were made by hot rolling successfully inherit the 
advantages of the two-component layers. The tensile strength of the multilayer steel with 
the hot rolling reduction of 80% was 1081 MPa and the fracture elongation was 22.9%. 
When the rolling reduction was increased to 95%, the tensile strength, yield strength, and 
fracture elongation of the multilayer steel were increased to 1311 MPa and 1148 MPa, and 
27.8% respectively. Interestingly, with the increase of reduction, the strength and the frac-
ture elongation simultaneously increase, which breaks the “strength-toughness” trade off 
relationship of traditional materials. The improvement of the tensile strength of multilayer 
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steel was mainly due to the joint action of grain refinement and work hardening of the 
TWIP steel layer, and the main reason for the increase of fracture elongation may be the 
interfacial toughening and layer thickness scale effect. 

 
Figure 8. (a) Engineering stress-strain curve and (b) tensile-shear stress-displacement curves of mul-
tilayer TWIP/40Si2CrMo steels with different hot rolling reductions. 

Table 4. Mechanical properties of multilayer TWIP/40Si2CrMo steels with different hot rolling re-
ductions. 

Rolling Reduction 
σs 

(MPa) 
σ 

(MPa) 
ε 

(%) 
Shear Strength 

(MPa) 

TWIP 321 769 60.8 - 

40Si2CrMo 1136 1440 17.8 - 

hot rolling 80% 865 1081 22.9 199 

hot rolling 90% 1028 1226 25.3 272 

hot rolling 95% 1148 1311 27.8 339 
Note: σs is the yield strength, σ is the tensile strength, and ε is the fracture elongation. 

The interfacial bonding strength plays a very important role in the strength and plas-
ticity of multilayer steels, and it can be evaluated by measuring the relative sliding re-
sistance of the interface. When the tensile-shear stress reaches the maximum bonding 
strength of the interface, the heterogeneous metal slips relatively, which leads to the sep-
aration of the interface. Figure 8b shows the tension shear stress-displacement curves of 
multilayer TWIP/40Si2CrMo steels with three hot rolling reductions. When the hot rolling 
reductions were 80%, 90%, and 95%, the shear strength of multilayer steels were 199 MPa, 
272 MPa, and 339 MPa, respectively, indicating that the increase of the hot rolling reduc-
tion will improve the interface bonding strength of the multilayer steel. This was due to 
the combined effect of the reduction of the interfacial diffusion layer and the crushing of 
interfacial oxides of the multilayer steel under a larger rolling reduction. Figure 9 shows 
the shear fracture morphologies of multilayer steel with different hot rolling reductions. 
As shown in Figure 9a, the specimen with the hot rolling reduction of 80% fractures along 
the interface and has many interfacial delamination cracks. The shear specimen with a 
reduction of 90% also fractured along the interface straightly, while the crack deflection 
phenomenon occurred in the multilayer steel with the reduction of 95%, which impedes 
part of the stress and improves the interfacial bonding strength of the multilayer steel. 
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Figure 9. Tensile-shear fracture morphologies of the multilayer TWIP/40Si2CrMo steels with differ-
ent hot rolling reductions: (a) 80%; (b) 90%; (c) 95%. 

Figure 10 shows the tensile fracture morphology of multilayer TWIP/40Si2CrMo 
steels with different hot rolling reductions. Figure 10a,d shows the multilayer steel with 
the hot rolling reduction of 80% has an obvious delamination fracture, and there were a 
large number of holes (some oxides were distributed near the holes; it was determined to 
be the Al2O3 by EDS analysis, as shown in Figure 11). The larger oxide that formed at the 
interface will produce voids and stress concentration in the deformation process, which 
makes the crack nucleate and propagate in the pore area of the oxide, resulting in obvious 
interface delamination. Delamination made the interface unstable before the necking of 
the whole steel plate, which leads to the sudden fracture of multilayer steel [23]. The mul-
tilayer steel with the hot rolling reduction of 90% has lighter interfacial delamination. This 
was because the crack was deflected and formed “Z” type multiple propagation paths 
releasing the stress concentration at the interface and reducing the crack propagation driv-
ing force as shown in Figure 10e. The delamination cracks at the interface of the multilayer 
steel with a hot rolling reduction of 95% were shorter as shown in Figure 10c,f. With the 
increase of the hot rolling reduction, the delamination phenomenon gradually weakened 
and the interfacial bonding strength gradually increased. In addition, there were many 
“tunnel cracks” in the 40Si2CrMo steel layer, which leads to crack passivation. It has been 
reported that a plastic zone will be formed near the tunnel crack [24], which will help to 
dissipate energy, reduce the stress concentration at the crack tip, effectively restrain the 
necking of the hard layer, and improve the plasticity of the multilayer steel. 

 
Figure 10. Tensile fracture morphologies of multilayer TWIP/40Si2CrMo steels with different hot 
rolling reductions: (a–c) the front fracture; (d–f) the side fracture. 
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Figure 11. EDS spectra of multilayer steel with a hot rolling reduction of 80%: (a) before the tensile 
test; (b) after the tensile test. 

4. Discussion 
Figure 12 shows the X-ray diffraction patterns of multilayer steels with different hot 

rolling reductions. In previous studies, we found that in the process of increasing reduc-
tion, the dislocations of the multilayer steels were increased and entangled, which en-
hances the elastic interaction between the dislocations and makes the dislocation slip dif-
ficult, thus improving the strength and plasticity of the multilayer. The specific dislocation 
density is related to the average crystallite size (D) and micro-strain (εୱ଴ଶ ). Crystallite size 
and micro-strain can be estimated according to Equations (1) and (2) [25]: 

D =
Kγ

βୱcosθ
 (1)

βୱcosθ

λ
=
2 < εୱ଴

ଶ > sinθ

λ
+
K

d′
 (2)

where K is a dimensionless constant, K = 1; γ is the wavelength of X-ray, γ ≈ 0.154056 nm; 
θ is the Bragg angle; λ is the wavelength of the ray Kα1, λ ≈ 0.15418 nm; and d′ is the 
average grain size. βs stands for the full width at the half maximum height(FWHM) of the 
Kα1 line with the correction of instrumental line broadening. The FWHM values are meas-
ured γ-Fe(111) and α-Fe(110) reflections, and they can be calculated by the following equa-
tion: 

βୱ = β୫
ଶ − βஓ

ଶ (3)

where βm is the FWHM value of the Kα1 line of rolled multilayer TWIP/40Si2CrMo steels 
and βγ is the FWHM value of the instrument. Here is the measured value of the sample 
after full recrystallization at 1200 °C. 
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Figure 12. XRD patterns of TWIP/40Si2CrMo multilayer steels at different hot rolling reductions. 

The dislocation density is calculated as shown in the equation: 

ρ =
3(2π)

ଵ
ଶ < εୱ଴

ଶ >

Db
 (4)

where b is the Burgers vector, b = 2.5 × 10−7 mm. 
The dislocation densities in TWIP and 40Si2CrMo layers of multilayer steels with 

different hot rolling reductions were shown in Table 5. With the increase of hot rolling 
reduction, the dislocation density increases slightly and the dislocation density of the 
40Si2CrMo steel layer is higher than that of the TWIP steel layer. The contribution of dis-
location to material strengthening in the TWIP steel layer and the 40Si2CrMo steel layer 
was according to the equation: 

σୢ୧ୱ = αMGbρ
ଵ
ଶ (5)

where σdis is the contribution value of dislocation density; α is a constant, α = 2; M is a 
constant, M = 2.9 [26]; G is the shear modulus; and G = 7.1 × 104 MPa. The calculation 
results are summarized in Table 5. It can be found from the calculation that with the in-
crease of hot rolling reduction, the contribution of dislocation density of multilayer steel 
to material strengthening increases slightly. That is to say, in addition to dislocation 
strengthening, there are other strengthening methods that lead to the improvement of 
material strength. 

Table 5. The full width at half maximum (FWHM), dislocation densities, and contribution of dislo-
cation to strength for multilayer TWIP/40Si2CrMo steels with different warm rolling reductions. 

Reduction Composition 
Dislocation Density 

(mm−2) 
Contribution of Dislocations to 

Strength (Mpa) 
80% TWIP 5.7 × 106 245.8 

 40Si2CrMo 2.0 × 107 460.4 
90% TWIP 6.2 × 106 256.3 

 40Si2CrMo 2.1 × 107 471.8 
95% TWIP 7.2 × 106 276.2 

 40Si2CrMo 2.2 × 107 478.5 
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In order to deeply analyze the contribution of each reinforcement, related theoretical 
calculations were introduced. The yield strength can be calculated according to the fol-
lowing equation [27]: 

σ଴.ଶ = σ଴ + Δσ୰ୣ୤୧୬ + Δσ୲୵୧୬ (6)

where 𝜎଴ is the contribution of the original material to the yield strength; Δ𝜎௥௘௙௜௡ is the 
value of grain refining; and Δ𝜎௧௪௜௡ is the value of strain-induced twinning. 

σ଴ = f୘୛୍୔σ୘୛୍୔ + fସ଴ୗ୧ଶେ୰୑୭σସ଴ୗ୧ଶେ୰୑୭ (7)

where 𝑓 ௐூ௉ and 𝑓ସ଴ௌ௜ଶ஼௥ெ௢ are the volume fractions of TWIP steel and 40Si2CrMo steel, 
respectively; 𝑓 ௐூ௉ = 𝑓ସ଴ௌ௜ଶ஼௥ெ௢ = 0.5; 𝜎்ௐூ௉ and 𝜎ସ଴ௌ௜ଶ஼௥ெ  are the yield strength of the 
original materials. 

Δσ୰ୣ୤୧୬ =
f୘୛୍୔K୘୛୍୔

d୘୛୍୔
ଵ/ଶ

+
fସ଴ୗ୧ଶେ୰୑୭Kସ଴ୗ୧ଶେ୰୑୭

dସ଴ୗ୧ଶେ୰୑୭
ଵ/ଶ

 (8)

where KTWIP and K40Si2CrMo are the Halls–Petch constants of TWIP steel and 40Si2CrMo 
steel, respectively. KTWIP = 0.445 GPa·m1/2 [28], The Hall–Petch parameters of 40Si2CrMo 
steel takes the value of ordinary low alloy steel, K40Si2CrMo = 0.24 GPa·m1/2 [29]. The dTWIP 
and d40Si2CrMo are the average grain diameters of the TWIP layer and 40Si2CrMo layer, re-
spectively. 

Δσ୲୵୧୬ =
f୘୛୍୔K୘୛୍୔

d୘୛୍୔
ଵ/ଶ

 (9)

The corresponding values for each item are shown in Table 6. The calculated values 
of the rolling reduction of 80% is approximated to the experimental results. However, the 
calculated value of 90% and 95% reductions of multilayer steel were smaller than the 
measured value. This may be because the contribution of dislocation density and the effect 
of interfacial bonding strength on the material are not considered. As shown in Table 5, 
with the increase of reduction, dislocation density also plays an indispensable role in the 
improvement of material yield strength. That is to say, with the increase of hot rolling 
reduction, the increase in the strength of multilayer steel was the joint effect of grain re-
finement strengthening, twin hardening, interface enhancement, and dislocation strength-
ening. 

Table 6. The contributions of grain refining and strain-induced twinning, and the calculated and 
experimental values of the yield stress. 

Sample σ0 (Mpa) Δσrefin (Mpa) Δσtwin (Mpa) 
Calculated 

Value (MPa) 
Experimental 
Value (MPa) 

80% 728.5 95.3 53.6 877.4 865 
90% 728.5 99.0 55.8 883.3 1028 
95% 728.5 102.2 57.4 888.1 1148 

Figure 13 shows the TEM analysis of the multilayer steel with a reduction hot rolling 
of 95%. As shown in Figure 13a, the boundary of the component layer/transition layer can 
be seen clearly, the thickness of the transition layer was about 2 microns, and some long 
strips of Al2O3 oxides were formed (Figure 13b). Due to the difference in the lattice param-
eters between the two component layers, the interface contains many mismatched dislo-
cations, as shown in Figure 13d,e, which will increase the distortion energy on the inter-
face and can more effectively block the movement of dislocations and improve the strain 
hardening ability of the material. We found two sets of crystal plane orientations as fol-
lows: 72° angle, between TWIP (1ത1ത1) and 40Si2CrMo (011ത). The interplanar spacing of 
(1ത1ത1) and (011ത) were 0.577 nm and 0.707 nm, respectively. The mismatch degree of the 
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two-phase matching crystal planes at the phase boundary can be calculated according to 
the following formula [30]: 

𝛿 =
|𝑑(଴ଵଵഥ) − 𝑑(ଵഥଵഥଵ)|

𝑑(ଵഥଵഥଵ)
= 0.225 < 0.25 (10)

Where 𝑑(଴ଵଵഥ) and 𝑑(ଵഥଵഥଵ)are interplanar spacings of (011ത) and (1ത1ത1), respectively. 
That is to say part of the hetero interface atoms were in a semi-coherent relationship, 

compared with the incoherent interface, it was relatively stable and effective in storing 
dislocations due to the lower interface energy, which ensures the higher plasticity of the 
multilayer composite steels. 

 
Figure 13. TEM images of multilayer TWIP/40Si2CrMo steel with a hot rolling reduction of 95%: (a) 
interface area; (b) Oxides at the interface, A is selected area electron diffraction (SAED) of Figure 
(b); (c) TWIP steel layer; (d) interface HRTEM image; and (e) associated IFFT image of interface. B 
and C are FFT spots of the selected area of Figure (e). 

Combined with the previous results and discussion, it can be seen that the strength-
ening and toughening mechanism of multilayer TWIP/40Si2CrMo steel was the result of 
fine grain strengthening, work hardening, and load transfer caused by interface. With the 
increase of the hot rolling reduction, the grain size of TWIP/40Si2CrMo multilayer steel 
decreases slightly, while the dislocation density and deformation twins increase slightly, 
but these were not the main reasons for the synergistic enhancement of strength and plas-
ticity. With the increase of hot rolling reduction, the gradually enhanced interfacial bond 
strength was the key factor that improved the mechanical properties, especially the plas-
ticity of the multilayer steel. Figure 14 is a schematic diagram of the damage failure of 
multilayer steels with different hot rolling reductions. When the multilayer steel with a 
hot rolling reduction was 80%, the interface has many Al2O3 oxides with larger dimen-
sions. The Al2O3 oxide at the interface forms holes and the continuous tensile stress causes 
the cracks nucleation at the holes and propagates along with the interface, resulting in 
interface delamination and lower interface bonding strength. The weak interface cannot 
effectively transmit the load [31], which in turn causes the premature failure of the multi-
layer steel. When the hot rolling reduction was increased to 90%, the interfacial bonding 
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strength of the multilayer steel increased due to the decrease of Al2O3 oxides. Therefore, 
under the action of the interface, the advancing cracks of the multilayer steel were contin-
uously deflected during deformation. The multiple crack propagation paths contribute to 
energy dissipation, which increases the plasticity of the multilayer steel [32]. When the 
hot rolling reduction was increased to 95%, the stronger bonding interface effectively de-
lays the local necking of the hard 40Si2CrMo steel layer, and the Al2O3 oxide at the inter-
face was further reduced, reducing the energy of crack nucleation. In addition, the strong 
bonding interface can effectively inhibit crack propagation along the interface. The TWIP 
steel layer with better plasticity makes the crack passivated while the 40Si2CrMo steel 
layer forms multiple tunnel cracks, and a certain plastic zone was formed at the crack tip, 
which releases the crack tip stress and improves the plasticity of multilayer steels [33]. The 
size of the plastic zone can be obtained from the following Equation [34,35]: 

r୮ =
1

2
× (

K୆େ

σ୷ୱ
)ଶ 

(111
)

where 𝑟௣ is the size of the plastic zone; KBC is the fracture toughness of the hard phase 
layer; and 𝜎௬௦ is the yield strength. 

In addition, with the increase of the hot rolling reduction, the layer thickness of mul-
tilayer steel decreases but the interface bonding strength increases. It has been reported 
that when the layer thickness was lower than the critical dimension of the tunnel crack, 
multiple tunnel cracks will be induced [14], so the fracture mode of the multilayer steels 
will change. The delamination fracture of the multilayer steel at low hot rolling reduction 
was transformed to the fracture mode that was dominated by tunnel cracks at a high hot 
rolling reduction, thereby improving the plasticity of the multilayer steel. 

 
Figure 14. The schematic diagram of damage failure of multilayer steels with different hot rolling 
reductions. 

5. Conclusions 
In this paper, three kinds of TWIP/40Si2CrMo multilayer steels with different layer 

thicknesses were successfully prepared by the vacuum hot rolling process. The main con-
clusions were as follows: 

1. With the increase of the hot rolling reduction, the strength and plasticity of the 
multilayer steel were improved at the same time, breaking the trade-off relationship be-
tween the strength and plasticity of traditional metal materials. When the reduction was 
95%, the yield strength, tensile strength, and fracture elongation of the multilayer steel 
increased to 1148 Mpa, 1311 MPa, and 27.8%, respectively, reaching the best strength and 
plasticity match. The increase in the strength was the result of grain refinement strength-
ening, work hardening, interface enhancement, and dislocation strengthening, while the 
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increase in the interfacial bonding strength and layer thickness scale effects lead to the 
optimization of toughness. 

2. All the multilayer steels under different hot rolling reductions have relatively 
straight interfaces and good deformation coordination. With the increase of hot rolling 
reduction, the size and number of interfacial oxides decrease sharply, showing higher and 
higher interfacial bonding strength. This indicates that the hot rolling deformation was 
conducive to the breakage of oxides to make them appear dispersed and play a role in 
interfacial toughening. 

3. The tensile fractures of multilayer steels with different hot rolling reductions show 
different fracture modes: delamination fracture and tunnel crack fracture. As the hot roll-
ing reduction increases, the delamination fracture phenomenon weakens and the number 
of tunnel cracks increases, indicating that the interface bonding strength increases. At the 
same time, under the premise of a strong bonding interface and large reduction, the layer 
thickness decreases with increasing hot rolling reduction. When the layer thickness was 
lower than the critical dimension of tunnel cracks, this induced multiple tunnel cracks, 
which was conducive to the improvement of multilayer steel plasticity. 
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