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ABSTRACT

Since the 1980s, vacuum hot rolling has been developed to fabricate the stainless

steel clad plates by the Iron and Steel Institute of Japan. Herein, hot rolling is a

widely used solid-state bonding process to join the carbon steel substrate and

stainless steel cladding. In this paper, we provide a brief overview of the vac-

uum hot rolling process and effective parameters on the interface characteristics

and shear strength of stainless steel clad plate. The effects of surface preparation

condition, atmosphere condition, vacuum degree, rolling temperature, rolling

reduction ratio, interlayer, heat treatment on the microstructure, interface

characteristics and mechanical properties of stainless steel clad plate have been

analyzed in detail. It is shown that the interface transition zone is formed due to

the carbon diffusion, and the strong interface bonding is attributed to the suf-

ficient alloy elements diffusion of Fe, Cr and Ni. Moreover, the interface shear

strength and toughness are also affected by interfacial precipitation phase and

multiple oxides. Finally, the present work concluded the bonding mechanism of

hot-rolled stainless steel clad based on the oxide film theory, diffusion theory,

recrystallization theory and three stage theory.

Introduction

As a part of large group of laminated metal com-

posites, stainless steel clad plates realizing the pos-

sibility of combining the weldability, formability of

carbon steel substrate with the high corrosion resis-

tance of stainless steel cladding have been used for

several decades [1], which have a number of wide-

spread applications in pressure vessels, heat

exchangers, nuclear power equipment, desalination

equipment, bridge engineering, hull, automobile,

armor, etc. [2–8]. At present, there are mainly three

kinds of bonding methods to produce stainless steel

clad plates used in the industry [1]: overlayer weld-

ing, explosive welding and hot rolling, and the

interface microstructure and characteristics are

shown in Fig. 1. Herein, overlayer welding can obtain

uniform bonding interface and high shear strength

between carbon steel and stainless steel; it is mainly

used for producing complex parts as well as cladding

on unreachable areas. However, the generated energy

and thermal stress will deteriorate the interface
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microstructure, mechanical properties and corrosion

resistance during the overlay welding process as

shown in Fig. 1a [9], leading to the microscale cracks

formed at the interface [10–13]. Explosive welding

takes advantages of very short duration time and

high-energy impulse of an explosion to drive two

surfaces of metal together, simultaneously cleaning

away the oxide film and creating a good condition of

metallic bonding, and perfectly clean surfaces and

wavy interface can be obtained under pressure and

severe plastic deformation as shown in Fig. 1b [13].

However, this method has many shortcomings, such

as low production, low product quality, low dimen-

sional accuracy, high contaminant and thermal

residual stress. Actually, the thickness of stainless

steel cladding cannot be lower than 3 mm due to the

huge shock wave and severe wave-like interface. In

addition, serious noise pollution and explosive pol-

lution limit the practical production and application

of explosive bonding [10–13]. In addition to the above

three main methods, there are many other methods to

produce stainless steel clad plates, such as laser

cladding [14], diffusion welding [15, 16], electro-

magnetic pulse welding [17], ultrasonic welding [18],

etc.

Since the 1980s, the hot rolling method has been

developed to fabricate stainless steel clad plates, and

there are many reports in research journals published

by various institutes, such as the Iron and Steel

Institute of Japan and the Japan Welding Society

[1, 19–21], and corresponding interface microstruc-

ture and characteristics are shown in Fig. 1c [19].

Recently, more than ninety percents of stainless steel

clad plates have been produced by vacuum hot roll-

ing, which is attributed to the few interface defects,

high efficiency and continuity compared with other

above two methods [1, 22–24].

Interface bonding status and shear strength are

taken as main factors to evaluate the quality of

stainless steel clad plate [25, 26], and the interface

shear strength determines the usefulness of lami-

nated metal composites in subsequent forming pro-

cesses, such as cutting, forging, rolling, bending,

joining, deep drawing, stretch forming, etc. [27–36].

Liu et al. reported that strong interface shear strength

can delay the premature localized necking, con-

tributing to the superior fracture elongation of lami-

nated metal composites [37–39]. Atrian et al. [36]

reported that strong interface shear strength can

prevent wrinkling and delamination fracture of metal

clad plates during deep drawing and other forming

processes. Kum et al. [40] and Liu et al. [38, 41] pro-

posed that the impact energy and bending toughness

of laminated metal composites can be enhanced by

the weak interface. The process parameters affecting

the interface shear strength involve the surface

Figure 1 The interface

microstructures of three

bonding methods and

diagrams illustrating of

fabrication process of hot-

rolled stainless steel clad plate.

a Overlayer welding [9];

b explosive welding [13];

c hot rolling [19]; d fabrication

process of hot-rolled stainless

steel clad plate: surface

preparation and assembling,

welding and pumping vacuum

and hot rolling [2, 4].
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preparation and deformation conditions, specimen

size, vacuum degree, the number of rolling passes,

rolling temperature, rolling reduction ratio, etc.

[2, 25, 42].

Vacuum hot-rolled stainless steel clad plates have

many shortcomings as follows [24, 43]: (1) Low car-

bon steel substrate matrix contains annealing ferrite

and pearlite microstructure, which always displays

low strength compared with the stainless steel clad-

ding. It cannot be fitting to the practical service

requirement of stainless steel. (2) Stainless steel

cladding always contains deformation defects and

sensitized particles, such as strain-induced marten-

site phase and intergranular Cr23C6 particles, which

seriously affect the mechanical properties and cor-

rosion resistance of stainless steel clad plate. (3)

Carbon diffusion leads to formation of carburized

layer and decarburized layer, which can result in the

decrease in corrosion resistance at the clad interface.

(4) Low rolling reduction, rolling temperature and

low vacuum degree can always result in the weak

clad interface, which can also induce the interface

delamination. Therefore, vacuum hot rolling process

always leads to unstable interface microstructure and

properties, which seriously affects the forming and

service application of stainless steel clad plates,

especially for the thick and wide stainless steel clad

plate.

In this article, the effects of process parameters on

interface shear strength of stainless steel clad plate,

including surface preparation, rolling reduction ratio,

vacuum degree, rolling temperature and the number

of rolling passes, as well as bonding interface

microstructure, interface alloy element diffusion, heat

treatment behavior and bonding mechanisms are

summarized and analyzed. It is useful to further

comprehend the relationship between fabrication

parameters and mechanical properties of stainless

steel clad plate and provide the design route with low

cost and large size to industrially produce stainless

steel clad plate with strong interface bonding status.

Hot rolling

Figure 1d shows the schematic illustration of hot

rolling for the production of stainless steel clad plate

[2, 4]. In the hot rolling process, the carbon steel

substrate and stainless steel cladding are stacked

symmetrically [2, 4] or asymmetrically [44, 45]

together and then passed through a pair of roll

millers until a critical deformation ratio achieved to

produce a solid-state bonding between the original

individual metal pieces. Before hot rolling process,

the surfaces of carbon steel substrate and stainless

steel cladding to be bonded should be properly

cleaned and prepared to remove the contamination

layer, anodized layer and oxide layer. Metal surfaces

are covered with grease, chemical compounds,

adsorbed moisture oxide film, etc., which can inhibit

the interface bonding [25]. Therefore, the metal sur-

faces before hot rolling play an important role in

influencing the interface bonding status. There are

many surface preparation processes in hot or cold

rolling process, including mechanical, thermal and

chemical treatments [46]. Herein, the surfaces of steel

plates were mechanically cleaned by wire brush to

remove the contamination and oxide layer, which is

the best way to prepare a clean metal surface [2].

Then, in order to avoid the oxidation of the bond-

ing interface of stainless steel clad plates, two stain-

less steel plates were shielded with the high-

temperature isolate cloth or particles and then spot-

welded to fix together, and the carbon steel plates

were symmetrically stacked with stainless steel plates

[2, 4]. The inner surfaces of two pieces of carbon steel

plates were welded with four carbon steel seals, and

a hole was drilled in the middle of one seal. The hole

was joined with a stainless steel pipe by tungsten

inert gas (TIG) welding, and it was suitable to pump

the air out of the interior space of green blanks and

make a vacuum environment using a triplex diffu-

sion pump [2]. Finally, the pipe was sealed and

welded by hydraulic pressure clamp. During the hot

roll bonding process, the high rolling temperature

and reduction ratio generated a great amount of heat,

plastic deformation and virgin surfaces on the metals

being roll bonded [35]. After the above processes, a

proper treatment was performed after hot rolling to

obtain a combination of high strength, ductility and

corrosion resistance [4].

Parameters affecting bonding interface

Many process parameters relating to the hot roll

bonding have been carried out to understand the

complex nature of the bonding mechanisms of

stainless steel clad plates [2, 4, 44]. It has been con-

cluded that the interface bonding of stainless steel
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clad plates is affected by various processing factors,

such as rolling reduction ratio [47], rolling tempera-

ture [2], surface roughness [48], atmosphere condi-

tion [4], interlayer [49], heat treatment [3], etc.

Surface roughness condition

The interface shear strength is affected by surface

roughness condition during the rolling process. It is

reported that the polished surface degreased in ace-

tone did not bond, and the maximum interfacial

shear strength increases with the increasing friction

coefficient caused by surface roughness during the

roll bonding process [50]. Moreover, it is shown that

at a low rolling reduction ratio and a small coefficient

of friction, the interface bonding was not successful.

This is because that the mean interface stress increa-

ses with the increasing friction coefficient between

the carbon steel substrate and stainless steel cladding.

Wu et al. [51] reported that the initial bonding was

difficult to achieve without successful modification to

the surfaces. The metallic bonding was obtained at

immediate temperature as long as the surface oxide

was eliminated completely in the process of hot

rolling.

There exists a close relationship between the sur-

face preparation method and interface shear strength

of laminated metal composites. Jamaati et al. [50]

reported that an increase in surface roughness can

cause the increase in number and size of cracks on the

surface layers, providing greater areas of extruded

virgin metals to be joined, and then improving the

interface shear strength of clad plates. The mechani-

cal treatment of metal surface provides a great

number of rough asperities and introduces a severe

localized plastic deformation with high shear stress

and strain that interrupt the formation of the

unavoidable surface oxide layer during the rolling

process [52]. Meanwhile, the high roughness result-

ing from the increased brush wire diameter and the

decreased wire length may reduce the critical pres-

sure to initiate interface bonding, which is beneficial

to enhancing the interfacial shear strength of clad

plates [50].

Atmosphere condition

In general, hot rolling can achieve complete metal-

lurgical bonding interface at a low rolling reduction

ratio and rolling pressure in comparison with cold

rolling, which is attributed to the severe plastic

deformation and recrystallization of two surfaces at

the bonding location [53]. Therefore, stainless steel

can be always cladded on the carbon steel by hot

rolling method due to the super-high yield strength

[44]. Herein, interface oxidation is an adverse factor

for the important reliability indicator of interface

bonding quality, which can lead to the rapid decrease

in interfacial shear strength [54]. Many methods used

to avoid to the severe interface oxidation are reported

as follows:

Hydrogen atmosphere

Jing et al. [44] reported that the stainless steel clad

plates were successfully hot-rolled after reduction

descaling in pure hydrogen atmosphere. The oxide

scale on the surfaces of two individual steels was

perfectly depleted when the reduction time was

above 10 min at 900 �C. Many tiny cracks existed on

the surfaces of carbon steel and stainless steel, which

are attributed to oxidization of metallic surface.

However, there were many long lath cracks with the

length ranging from several microns to several mil-

limeters and a great number of micropores about

1 lm evenly distributed on the metallic surface after

reduction. Subsequently, during the hot rolling pro-

cess, the quality and dimension of interface cracks

and pores were decreased rapidly with the increase

in rolling reduction ratio, resulting in the enhanced

interfacial shear strength. Moreover, the absence of

interface pores and superior interface shear strength

of 375 MPa were obtained with the accumulative

rolling reduction ratio of 74.5%.

Ar atmosphere

In 2014, Jing et al. [45] found that stainless steel clad

plate can obtain good interface bonding status in an

argon atmosphere and then be hot-rolled by multiple

passes in air. The surfaces of stainless steel and car-

bon steel are oxidized with a small amount due to the

inhibiting of argon gas compared with the air atmo-

sphere environment, and many individual microp-

ores about 3–5 lm can be found along the interface

line between the carbon steel substrate and stainless

steel cladding in the initial rolling pass. Subse-

quently, the dimension and percentage of micropores

are gradually decreased with the increasing rolling

passes, and perfect interfacial bonding is obtained
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without any micropores after the fifth rolling pass,

which is attributed to the effective and protective

environment of Ar atmosphere.

Vacuum degree

Li et al. [49] investigated the interfacial inclusions

and shear strength of stainless steel clad plates with

different vacuum degrees. It was shown that

microstructure, chemical compositions and distribu-

tion of interface oxides inclusions can also be related

to vacuum degree inside the symmetrical stainless

steel billet. Herein, the silicon compounds were

dominated at the vacuum degree of 15 Pa or higher

and the alumina particles did at the vacuum degree

of 0.1 Pa or lower. It is concluded that the presence of

interface oxide inclusions may be attributed to the

selective oxidation of Al, Si, Mn and Cr elements

diffusing from the billet into bonding interfaces

between carbon steel substrate and stainless steel

cladding [54–56].

Figure 2 shows the typical morphologies of inter-

face oxide inclusions of stainless steel clad plates with

different levels of interface oxidation [4]. The inter-

facial oxides turn from the spheroidal, rod-like shape

into the blocky, spheroidal, irregular linear shape.

Meanwhile, the length of linear interfacial oxides is

gradually increased with the decreasing vacuum

degree as shown in Fig. 2a. However, the variation

trend of interfacial shear strength of stainless steel

clad plate is complex and ambiguous as shown in

Fig. 2b. When the vacuum degree is low, interfacial

shear strength is declined firstly with the increasing

fine interfacial oxide inclusions [4, 54, 56, 57]. But

when the size of interface oxides concentrated at the

interface area reaches up to a threshold value with

farther raising of oxidation level, competitive cracks

between decarburized layer and the brittle carbur-

ized layer cause the appearance of strength-increas-

ing step. Interfacial tensile shear strength is decreased

rapidly along with further oxidation.

Figure 2c shows the alloy element weight percents

of clad interface oxides with different vacuum

degrees. At a high vacuum degree of 0.01 Pa, alu-

minum has a high content, while Si and Fe have low

contents. The content of Al is gradually decreased,

while the contents of Si and Mn are increased with

the decrease in vacuum degree. At the vacuum

degree of about 100 Pa, the relative contents of Si and

Mn reach to maximum values. When the vacuum

degree approach to the one bar pressure, the oxida-

tion of Fe element is obvious. Actually, according to

the internal oxidation theory, a complex oxidation

system is presented at the clad interface during the

high-temperature rolling process. Firstly, the Al ele-

ment has rather strong affinity with O element and

always form Al2O3 whisker. Then the other elements

of Si, Mn, Cr, Fe, Ni take part in the oxidation system.

According to thermodynamic calculation and

Ellingham diagram, the formation of Gibbs free

energies of corresponding oxidation system resulting

from the above alloy elements at the rolling temper-

ature ranging from 1000 to 1300 �C are shown in

Fig. 2d, as well as listed as follows:

DGAl2O3
\DGSiO2

\DGMnO\DGCr2O3

\DGMnO\DGFe3O4\DGFe2O3\DGNiO

Therefore, at a high vacuum, the Al and Si firstly

reacted with O element and form Al2O3 whisker and

SiO2 particles, respectively. At the moderate vacuum

degree, Mn and Cr elements react with O element

and form MnO and Cr2O3 particles, respectively. At a

low vacuum degree, Fe and Ni elements will react

with O element and form Fe2O3 and NiO particles,

respectively. Overall, the different oxides can be

obtained by adjusting the vacuum degree during the

hot rolling process [4, 54].

Rolling temperature

In general, hot rolling is a solid-phase joining method

under a certain pressure to join same and dissimilar

metals at elevated temperature above recrystalliza-

tion temperature [2, 53]. Compared to cold rolling,

hot rolling can reduce the plastic deformation acti-

vation energy, as well as obtain complete metallur-

gical interface bonding at a lower deformation

reduction ratio and rolling pressure, which may be

attributed to the severe mutual diffusion behavior of

alloy element and plastic deformation capacity of the

interface zone [58, 59]. Tong et al. [60] and Jin et al.

[61] investigated the effect of rolling temperature on

the interface bonding mechanism of stainless steel

clad plates in two aspects. Firstly, the rolling tem-

perature may influence the interface gap mechanism

of rolled clad plate, and the clean metal is easy to

squeeze into oxides gap. Secondly, the high rolling

temperature induces the interfacial grain

recrystallization.
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Liu et al. [2, 25] detailedly described the

microstructure, interface characteristics and

mechanical properties of stainless steel clad plates

fabricated at different rolling temperatures of

1100 �C, 1200 �C and 1300 �C, respectively. The

thicknesses of interface reacted zone and the grain

size were gradually extended with the increasing

rolling temperature. The stainless steel clad plate hot-

rolled at 1300 �C obtained the highest fracture elon-

gation and interface shear strength, whereas the

lowest tensile strength, which may be attributed to

the sufficient alloy element diffusion, matrix recovery

and recrystallization at a high rolling temperature.

The strong interfacial shear strength can effectively

delay the formation of interfacial delamination crack

and premature localized necking, resulting into a

prolonged uniform plastic deformation stage at a low

stress triaxiality. Moreover, the interface shear frac-

tures of stainless steel clad plates rolled at 1100 �C
and 1200 �C were located at interface and

decarburized layer, respectively. The different frac-

ture characteristics may be related to the sufficient

carbon diffusion and interface toughening at a high

rolling temperature [4, 22, 26].

Rolling reduction ratio

Jin et al. [61] proposed that the bonding process of

hot-rolled stainless steel clad plates contained three

steps: physical contact, activation and diffusion of

contact surface, metallurgical bonding. At the physi-

cal contact stage, the local contact points of the micro-

uneven surface were plastically deformed under the

high rolling pressure, and then, the surface contact

area gradually expanded, ultimately achieving the

entire bonding surface under the continuous pres-

sure. At the second stage, alloy element diffusion,

grain boundary migration and chemical reactions

have been working on the close contact interface

under the high rolling temperature and pressure, and

Figure 2 Interfacial oxides and related mechanical properties,

weight percents and DGo - T relationship of metal oxidation

reaction [4, 54]. a Interfacial oxides characteristics with different

vacuum degrees; b relationship between interfacial oxidation and

shear strength; c weight percent of oxides under various vacuum

degree; d DGo - T relationship of metal oxidation reaction.
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then, the micropores were vanished, as well as the

new reaction phase were formed. Meanwhile, a

strong bonding layer was presented at the interface.

The third stage was the growth process of metallur-

gical bonding interface, which is mainly volume

diffusion behavior [51, 56, 61, 62].

Xie et al. [22] reported that some obvious strip-like

defects indicated as the interstice and Al–Si–Mn–O

oxides, and the brittle fracture was appeared at the

interface of clad plate at a total rolling reduction ratio

of 10%. However, the interstices vanished at the

interface, while the ductile fracture occurred in the

parent material along transversal direction tensile

testing at a total rolling reduction ratio of 70%.

Moreover, with the enhancing total rolling reduction

ratio, the oxides size was gradually decreased, while

transversal direction tensile strength and fracture

elongation sharply increased. Tong et al. [60] found

that at the high rolling reduction ratio, more cleaner

and activated newer interfaces will be obtained and

the matrix grain will be refined, contributing higher

interface shear strength of stainless steel clad plates

[21]. The gradient metallographic changes of grains

can also raise the interfacial shear strength of clad

plates.

Heat treatment

The optimal heat treatment condition is necessary to

eliminate and decrease the defects during hot rolling

process and achieve the structure-function balance

between the carbon steel substrate and stainless steel

cladding. He et al. [63] reported that roll bonding and

subsequent water quenching treatment (920 �C) on

stainless steel clad plate can lead to formation of

gradient grain distribution at the clad plate, which

can obtain superior tensile strength of 1180 MPa and

fracture elongation of 8%. Zhang et al. [64] used the

off-line induction heat treatment to solution-treated

stainless steel clad plate, the result reveals that heat-

affected zone of carbon steel substrate contains sur-

face quenching area and intercritical area, and the

induction-heated stainless steel clad plate maintains

high shear properties. Li et al. [65] reported that

Q345R/316 stainless steel clad plate can obtain

superior shear strength of 440 MPa by thermo-me-

chanical control process (TMCP) as follows: rolling at

1000–1200 �C with total reduction ratio of 75% fol-

lowed by accelerated cooling of 0.2–7 �C/s to below

450 �C and then air cooling. Song et al. [3] reported

that the quenching and tempering method employing

water quenching after treatment at 1080 �C for 1 h

and air cooling after treatment at 550 �C for 1–2 h

was more effective than normalized heat treatment,

which can enhance the corrosion resistance and

mechanical properties of stainless steel clad plate.

Tachibana et al. [24] and Liu et al. [43] reported that

hot-rolled stainless steel clad plates were successfully

strengthened and toughened by quenching treatment

at the quenching temperature ranging from 900 to

1150 �C. The clad interface can be effectively

strengthened by prolonging the quenching time, and

the thickness of carburized layer is decreased with

the increasing quenching temperatures ranging from

900 to 1150 �C, short quenching time can’t inhibit the

formation of interface delamination crack. However,

long time quenching treatment leads to sufficient

alloy element diffusion at the clad interface, resulting

into the strong interface without delamination crack

during the tensile testing process.

In conclusion, interface bonding status is mainly

related to the interface oxides and alloy element dif-

fusion behavior, and the rolling parameters can affect

alloy element diffusion, interface microstructure and

interface oxidation. Obviously, the addition of inter-

layer can inhibit the diffusion behavior of alloy ele-

ments, directly resulting into diminution of

carburized layer and decarburized layer. The vac-

uum degree can effectively change the type, distri-

bution, size, shape and number of interface oxides. At

a low vacuum degree, interface oxides are relatively

coarse, always forming a complete dense interface

oxides ceramic wall or film, which are hard to rup-

ture under the condition of high rolling deformation.

In this way, the thick interface oxides wall or film can

inhibit the alloy element diffusion behavior, leading

to weak interface bonding status. However, at a high

vacuum degree, the clad interface forms many

refined oxides. Meanwhile, the interface oxides are

effectively dispersed at the clad interface during the

hot rolling process, which can’t inhibit the alloy ele-

ment diffusion behavior. Herein, the clad interface

can be strengthened. The rolling temperature can also

affect the alloy element diffusion process; Liu et al.

have reported that the diffusion distances of alloy

element are gradually increased with the increase in

rolling temperature [2], which is beneficial to

strengthen and toughen clad interface of stainless

steel clad plate. Moreover, rolling reduction defor-

mation can make the interface oxides broken and
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dispersed along the clad interface, and promote the

sufficient diffusion of alloy element. Therefore, the

interface shear strength can be improved at high

rolling reduction ratio.

Interface characteristics and fracture
behavior

Interface microstructure and characteristics

The optical interface microstructure of stainless steel

clad plate shows that the interface zone mainly con-

tains three zones due to the diffusion of carbon ele-

ment as shown in Fig. 3 [66–69]: decarburized layer

of carbon steel substrate, bonding interface and car-

burized layer of stainless steel cladding. Herein, the

base carbon steel substrate has an 70–90-lm-wide

decarburized ferrite layer without pearlite phase

adjacent to interface [4], whereas the stainless steel

cladding exhibits 30–200-lm-wide carburized layer

with poor performance of intergranular corrosion

resistance near to the interface as shown in Fig. 3a [2].

The thickness of each layer is related to the rolling

temperature, rolling reduction ratio and atmosphere

condition etc. [2, 4, 38, 39]. Liu et al. [2] reported that

the thickness of decarburized layer remains a con-

stant value, whereas the thickness of carburized layer

is increased with the increasing rolling temperature,

which may be related to the different diffusion

velocity of carbon element in the ferrite phase and

austenite phase at the different rolling temperature

[26]. Li et al. [47] has illustrated the interfacial

microstructure and interfacial alloy element diffusion

distribution of hot-rolled stainless steel clad plate as

shown in Fig. 3b. Carbon taken as self-interstitial

atom has a super-high diffusion velocity in

comparison with other alloy elements at a high

temperature, which can result in the formation of

decarburized layer and carburized layer, respec-

tively. Moreover, it is interesting to note that the

concentration phenomenon of C element at the

interface, and the C content in the carburized layer is

higher than that of decarburized layer, which may be

explained in terms of the uphill diffusion effect under

the diffusion process [69–71]. It is attributed to the

different diffusion velocity and solubility of carbon

element in ferrite and austenite, respectively, and the

ferrite has high diffusion velocity and low solubility

of carbon element compared to the austenite. There-

fore, the C atoms are concentrated at the interface. In

addition, grain size of decarburized layer is larger

than that of the carbon steel substrate. During the

cooling process, the pearlite can effectively encourage

the nucleation of ferrite in carbon steel. However, the

grain of decarburized layer absent of pearlite is hard

to refine. Relating to the hardness distribution of

stainless steel clad plate, Liu et al. has reported the

following conclusions in the previous work [26]: The

maximum hardness value is located at the carburized

layer due to sufficient solid solution of carbon ele-

ment, whereas the minimum hardness value is loca-

ted at the decarburized layer due to the dilution and

diffusion of carbon element. Actually, the rolling

parameters can’t obviously affect the rule of hardness

distribution. However, the hardness values can be

changed and by selecting different rolling

parameters.

In fact, the interfacial bonding status of stainless

steel clad plate is mainly related to the diffusion

behavior Fe, Cr and Ni elements. In the present work,

it is revealed that the diffusion distances of Fe, Cr and

Ni are gradually increased, and the interfacial shear

Cr diffusion distance
C diffusion distance

Carburized layer

Decarburized layer

Interfacial oxides
Interface 

Stainless steel cladding 

Carbon steel substrate

Carbon steel substrate

Stainless steel claddding

(a) (b) (c)

Figure 3 The microstructure of stainless steel clad plate. a Interfacial characteristics and diffusion zones [2]; b interfacial alloy element

diffusion zones [47]; c the addition of Ni interlayer [72].
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strength is also increased with the rolling tempera-

ture ranging from 1100 to 1300 �C as shown in Fig. 4

[2, 26]. Therefore, the interfacial bonding status is

fitting to the diffusion behavior of interfacial alloy

elements. Actually, the thicker of the alloy diffusion

distance is, the stronger of the interfacial shear

strength of clad plates will be [2, 21, 53, 57]. The alloy

diffusion at the clad interface belongs to a kind of

interfacial metallurgical bonding, which is attributed

to the interaction among the atoms of alloy elements.

However, excessive diffusion of carbon element may

cause the enlargement of weak area including

decarburized layer and carburized layer. Therefore, a

thick alloy diffusion distance within a certain range

can lead to a sufficient metallurgical bonding and the

clad interface of stainless steel clad plate can be dif-

ficult to be peeled. That is to say, the shear strength of

clad plate has been enhanced in some extent. In

addition, there are many oxide particles presented at

the interface zone. The type, size and morphology of

oxide particles are related to the rolling condition and

atmosphere condition, which can also affect the

interface shear strength and shear toughness of

stainless steel clad plates [2, 4].

In order to inhibit the formation of thick decar-

burized and carburized layer, Li et al. [49, 72] and

Xie, Luo and Wang [56, 73] found that the addition of

interlayer, such as Ni and Nb interlayers can prevent

the diffusion behavior of carbon element. Figure 3c

shows that Ni interlayer with 20 lm obviously inhi-

bits the carbon element diffusion behavior, leading to

the absence of decarburized and carburized layer.

That is to say, the interfacial bonding status and

corrosion resistance of stainless steel clad plates can

be improved by adding the effective interlayer [72].

Fracture behavior and mechanisms

Shear fracture characteristics

Figure 5 shows the three shear fracture modes of

stainless steel clad plates relating to three different

fabrication parameters. The fracture zone of clad

plate rolled at 1100 �C is mainly located at the inter-

face as shown in Fig. 5a. It is revealed that the

Figure 4 The interfacial alloying elements EPMA maps of stainless steel clad plates rolled at different temperatures of a 1100 �C;
b 1200 �C; c 1300 �C [26].
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interface is the weakest position in comparison with

decarburized layer, carbon steel substrate and notch

position, and the shear strength is the actual shear

strength of clad plate. However, the main shear crack

of stainless steel clad plate fabricated at 1200 �C is

mainly located at the decarburized layer as shown in

Fig. 5b. The interfacial bonding status is stronger

than that of clad plate at 1100 �C. The decarburized

layer has low shear strength and hardness compared

to those of the actual interface, which may be attrib-

uted to that higher contents of alloying elements are

concentrated at the interface, resulting into the rela-

tively strong interface [4, 26]. Figure 5c shows the

shear fracture of stainless steel clad plate by adding

the Ni interlayer, and it is interesting to note that the

main crack is located at the notch position absence of

decarburized layer, which reveals that the interface

shear strength of clad plate is higher than that of

carbon steel substrate.

Tensile fracture characteristics

Figure 6 shows the tensile fracture morphologies of

stainless steel clad plates fabricated at different roll-

ing temperatures [2]. Actually, it reveals the fracture

behavior relating to the different interfacial shear

strength. Firstly, obvious interfacial delamination

crack with the length size of 800 lm is presented at

the stainless steel clad plate rolled at 1100 �C as

shown in Fig. 6a, which may influence the bending

loading capacity and further forming behavior to a

certain degree. Moreover, deformation incoordina-

tion phenomenon can be found between stainless

steel cladding and carbon steel substrate at the

location of interfacial delamination crack, which is

equivalent to the independent deformation of indi-

vidual layer [2, 74–76]. The carbon steel substrate

exhibits a low work hardening rate (n) and uniform

plastic deformation capacity compared to the stain-

less steel cladding. Therefore, the substrate rapidly

reaches to the localized necking and then fracture

failure [37, 39, 77, 78]. Once the substrate fractures,

stress simultaneously concentrates at the stainless

steel cladding, resulting into the catastrophic failure

of stainless steel cladding and overall clad plate.

When the rolling temperature rises to 1200 �C, the
interfacial delamination looks nondistinct, and partial

interface contains many refined pores and cracks as

shown in Fig. 6b. On the whole, the deformation

between the substrate and cladding reaches a una-

nimity and the fracture elongation of clad plate gets a

promotion to some extent [2, 27, 30, 79]. Figure 6c

shows the profile fracture characteristics of stainless

steel clad plate rolled at 1300 �C [2]. Apparently, the

stainless steel cladding and carbon steel substrate are

considered as a whole, and there are no interfacial

delamination and pores during the overall plastic

deformation process. That is to say, superior interfa-

cial shear strength is capable to inhibit the formation

and propagation of interfacial delamination crack,

which can enhance the deformation coordination of

stainless steel clad plate. It can also delay the pre-

mature localized necking and improve the fracture

elongation of stainless steel clad plate to some extent.

Meanwhile, strong interface can also improve the

loading, plastic deformation and working forming

capacity [2, 38, 80, 81]. In addition, there are many

intergranular tunnel cracks in the carburized layer

Figure 5 The shear fracture morphologies of stainless steel clad plates with different rolling temperatures and interlayer. a 1100 �C [26];

b 1200 �C [26]; c the addition of Ni interlayer.
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except the interfacial delamination as shown in

Fig. 6d, which give rise to the low fracture toughness

and corrosion resistance of carburized layer. Many

chromium carbide particles were mounted on the

grain boundary in the carburized layer, so that the

localized residual stress and even pores are formed at

the grain boundary, and the grain interior is lack of

Cr element, resulting in the high brittleness, low

corrosion resistance and short fatigue lifetime

[82, 83]. In addition, many rolling strips are presented

in the stainless steel cladding, then the density and

thickness of rolling strips are gradually increased

with the increase of tensile strain [29, 86,]. Sun et al.

[84] reported that the rolling strips may be the

martensite phase, and the 304 austenite stainless steel

is readily transformed to strain-induced martensite

structure by plastic deformation at below Md tem-

perature [85–87].

Discussion

Interface formation and bonding
mechanisms

There are many bonding theories about the diffusion

welding and roll bonded metallic clad plates as fol-

lows: (1) Mechanical occlusal effect, at the initial

bonding process, rough surface can induce mechan-

ical occlusal effect of heterologous metals, which can

lead to weak interface shear strength during cold

rolling process with high reduction ratio [88], while

this mechanical occlusal effect is not the dominant

factor affecting the hot-rolled clad plate. (2) Metal

bond theory, Burton [89] revealed that the surface

atoms distance of heterologous metals should reach

to the position of mutual attraction between atoms in

1954. Herein, the interface can be bonded due to the

atom attraction. (3) Energy theory, Cave and Wil-

liams [90] reported that even if the distance of two

heterologous atoms reach to the magnitude order of

mutual attraction, the interface can’t be still bonded if

there is no minimum energy for bonding. Only the

interface atoms get enough energy to be activated,

and the interface bonding status can be obtained.

When clean surfaces were mutual contact, there is no

interface bonding occurred, revealing that the energy

barrier must be overcome before bonding. (4) Diffu-

sion theory, Derby and Wallach proposed [91] that

the temperature of interface contact atoms is

increased due to the deformation heat, and the

interface atoms may be activated and a thin mutual

diffusion zone containing solid solution is formed

[92], resulting into a great interfacial metallurgical

bonding and a strong shear strength. In addition, the

diffusion distance can also be seriously affected by

chemical potential gradients and diffusion coeffi-

cients of various alloy elements. (5) Dislocation the-

ory, this theory reveals that bonding mechanism of

Figure 6 The tensile fracture morphologies and corresponding characteristics of stainless steel clad plates with different rolling

temperatures [2, 26]. a 1100 �C; b 1200 �C; c 1300 �C; d intergranular fracture of carburized layer; e strain-induced martensite strips.
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heterologous metals is attributed to the plastic

deformation and plastic flow, and the dislocation will

migrate to the contact interface when the contact

zones of heterologous metals begin to mutual deform

coordinately. It results into the fracture failure of

interface oxide film and formation of step with a

thickness of one atom. More dislocations are gener-

ated under the external pressure, leading to increase

in plastic deformation resistance and surface rough-

ness. Herein, the interface contact oxide film will

break into pieces quickly, which is beneficial to the

interface bonding of metallic clad plate [93]. (6) Film

theory, this theory reveals that the fracture of surface

hardened layer and oxide film can induce the extru-

sion fresh metal through the cracks, and the interface

bonding status can be obtained when the fresh metal

surfaces contact and the deformation ratio reaches a

critical value to establish contact bonding [25, 94, 95].

(7) Recrystallization theory, Parks [96] thought that

the reason of solid–solid interface bonding may be

recrystallization, and localized high temperature will

enforce the contact interface atoms rearrangement

due to high deformation heat. That is to say, a com-

mon grain belongs to two heterologous metals is

formed, leading to perfect interface bonding status of

clad plate [97, 98]. (8) N. Bay theory, Bay [99–102]

proposed that bonding mechanism of clad plate

contains fracture of work-hardened surface layer,

surface expansion increasing the area of virgin sur-

face, extrusion of virgin material through cracks of

the original surface layer and establishment of real

contact and bonding between virgin material. He

implied that normal pressure and surface expansion

are basic parameters governing the interface shear

strength. (9) Three stages theory, this theory contains

three stages: physical contact formation stage, phys-

ical and chemical effect stage, ‘‘body’’ interaction

stage. At the initial physical contact stage, when the

distance of surface atoms between the two heterolo-

gous metals reaches to critical distance of mutual

attraction and weak chemical bond due to plastic

deformation, the dislocations are disappeared, and

the surface atoms can be activated and form weak

chemical bond. At the physical and chemical effect

stages, the activated atoms taken as activated center

points are extended to the overall contact surface,

and the physical and chemical effect between contact

interface results into the strong chemical bond.

Finally, at the ‘‘body’’ interaction stage, the mutual

diffusion of heterologous metals is carried out by

crossing the contact interface, the interface defects are

disappeared, and common grains belongs to two

heterologous metals are formed, leading to stress

relieve and recrystallization [25, 103–105].

Recently, many reports based on transmission

electron microscope (TEM) and electron backscat-

tered diffraction (EBSD) investigate the bonding

mechanism of metallic clad interface in detail.

Pongmorakot et al. [15] reported that the interface

shear strength of clad plate is accounted for by the

residual compression strain and plastic energy dis-

sipation at the clad interface, and the evolution of

interface strength was found to contain two stages:

the evolution of first stage primarily takes place in

contact interface produced by pressing or rolling

pressure, revealing that the disordered atomic

arrangement, and the evolution of second stage is

attributed to the shrinkage of voids using EBSD and

TEM analysis [16].

During the hot rolling process, vacuum degree [4],

rolling deformation ratio [106], rolling temperature

[2] and the addition of interlayer [72, 73] have sig-

nificant influences on the interface formation and

bonding status of stainless steel clad plate. Actually,

the interface formation and bonding mechanism of

hot-rolled stainless steel clad plate may be a mixture

of above theories, which mainly contains four theo-

ries: film theory, diffusion theory, recrystallization

theory and three stage theory. Firstly, whatever the

atmosphere conditions are, the surfaces of stainless

steel and carbon steel are always oxidized to some

extent at the high temperature for long holding time,

and perfect, partial film or localized oxide particles

are formed as shown in Fig. 7a [56]. These oxides

may be Mn–Si oxide, SiO2, Al2O3, even Fe2O3 during

the initial rolling pass [54], and these films or parti-

cles will mutually contact and collide with the steel

surface, then partial oxide films and particles were

broken and squeezed into refined particles, uni-

formly distributed at the bonding interface [44, 45].

Then the fractured oxide film can induce the extru-

sion fresh metal through the cracks. Surface grains of

clad interface mutually contact and were broken and

experience the formation and growth of sintering

neck and recrystallization grains [60–62]. Meanwhile,

the raw residual pores are gradually closed as shown

in Fig. 7b. That is to say, the bonding interface

experiences the diffusion process from point, line,

face to body types [56]. During the subsequent hot

rolling process, the diffusion behavior of alloy
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elements at the interface is concluded as follows: the

C and Fe elements diffuse from the substrate to the

cladding, and the Cr and Ni elements diffuse from

the cladding to the substrate. Herein, the diffusion

zone of carbon and chromium elements can be clearly

detected by optical microscopy (OM) and electron

probe microanalysis (EPMA), respectively [2, 26]. C

diffusion zone contains the decarburized and car-

burized layer, and the decarburized layer absent of

pearlite is taken as a part with weak mechanical

properties. It is found that fracture is easy to occur at

the decarburized layer under the shear stress condi-

tion, and the carburized layer is the worst position

with the lowest fracture toughness, corrosion resis-

tance and short fatigue lifetime [107–111].

As for carbon element diffusion, There are mainly

two reasons: (1) the high chemical potential gradient

of decarburized layer results in the uphill diffusion of

carbon element; (2) the carbon diffusion may be

related to the different diffusion velocities and solu-

bilities of carbon element in decarburized layer and

carburized layer, where ferrite phases and austenite

phases exist, respectively. The ferrite has a higher

diffusion velocity and a lower solubility of carbon

element than austenite. Besides, Liu et al. reported

that the decarburized layer has many discontinu-

ously rod-shape carbides [112], which is attributed to

the decomposition of lath-like Fe3C. Moreover, the

grain boundaries of carburized layer serve as diffu-

sion passage of alloy elements, allowing carbon and

chromium atoms to diffuse along grain boundaries

and resulting in the precipitation of Cr23C6 at the

sensitization temperature range of 420–850 �C.
Therefore, the formation of Cr23C6 introduces the

depletion of local concentration of chromium element

in the grain boundaries, leading to the intergranular

corrosion crack of carburized layer. However, Cr and

Ni elements are taken as substitutional atoms. The

concentration gradients and diffusion coefficients

between cladding layer and substrate layer can lead

to the diffusion distances of 10–13 lm and 3–4 lm,

respectively. The corresponding calculation about

diffusion coefficients of Cr and Ni elements is related

to Eq. (1).

Di ¼ D0i exp
QDi

RT

� �
ð1Þ

Figure 7 The interface

formation process of stainless

steel clad plate. a high

temperature state; b diffusion

process and interface

formation; c interfacial

microstructure and

characteristics.
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where the R (gas constant) and T (environmental

temperature) values are 8.314 J/(mol�K) and

1473.15 K. Moreover, the D0 (diffusion constant) and

QD (diffusion activation energy) values of Cr/Ni

elements in c-Fe are 35 9 10-5/3.5 9 10-5 m2/s and

2.86 9 105/2.86 9 105 J/mol. Subsequently, the Di

(diffusion coefficient) of Cr and Ni elements in c-Fe at
the rolling temperature of 1200 �C can be calculated

by Eq. (1) to be approximately 2.53 9 10-14 and

2.53 9 10-15 m2/s. In the similar way, the diffusion

coefficients of Cr and Ni elements in a-Fe are

9.89 9 10-13 and 1.48 9 10-13 m2/s, respectively.

Therefore, the higher concentration gradient and ten

times higher diffusion coefficient of Cr element than

that of Ni element should obtain a thicker diffusion

distance. In addition, due to differences in diffusion

velocity and concentration gradient of Cr and Ni

elements, a certain thin martensite zone is always

formed at the clad interface according to Cr and Ni

equivalent based on schaeffler diagram as shown in

Fig. 7c [56]. The diffusion layer of Cr element repre-

sents the actual clad interface, and the clearer the Cr

element diffusion is, the thicker of the clad interface

and the stronger the interfacial shear strength can be

[26]. Therefore, how to inhibit the carbon diffusion

and improve Cr diffusion of stainless steel clad plate

is the main objective in the future [47]. Wang et al.

[56], Xie et al. [73] and Li et al. [72] have reported that

the addition of Ni and Nb interlayers can effectively

inhibit the diffusion behavior of carbon element,

respectively, leading to the decrease in disappearance

of decarburized and carburized layers. The interfacial

shear fracture is located at the notch of carbon steel

substrate, which reveals that interfacial shear

strength can be enhanced due to the absence of

decarburized layer. Moreover, the surface treatment

techniques have attracted more and more attention to

strengthen and toughen the steel surface, such as

adding TiCN [113, 114], Ti–Cr coatings [115] and

ceramic particles (SiCp, TiO2) [116–119] by hot

spraying or magnetron sputtering, which are expec-

ted to be applied in the field of strengthening and

toughening clad interface. Herein, the coatings or

ceramic particles don’t only inhibit the diffusion

behavior of carbon element, but also react with car-

bon and form the hard particle, being subsequently

squeeze into the soft decarburized layer and may

effectively enhance the strength and toughness of the

decarburized layer.

However, the actual diffusion interface is different

from the clad interface fabricated by explosive

bonding and overlayer welding [71, 120, 121], and

hot-rolled clad interface is straight and uniform,

containing many refined ferrite grains with

nanometer size, whereas explosive bonded clad

interface contains a mount of martensite phases and

unbonded regions [122], which result into the

decrease of interfacial toughness. The accumulation

welded clad interface contains severe residual stress

and other metastable structure, such as widmanstat-

ten and martensite phase due to alloying element

dilution [121].

Fracture path and fracture mechanism

In order to explain the tensile fracture behavior of

stainless steel clad plate in detail, Fig. 8 illustrates the

different crack propagation paths and fracture

mechanisms relating to the different interfacial status.

When the diffusion distances of Cr and Ni are short,

it represents low interfacial vacuum degree, rolling

temperature or rolling deformation ratio, so the low

interfacial shear strength can be obtained as shown in

Fig. 8a. Firstly, intergranular tunnel cracks are

formed due to low fracture toughness of grain

boundary in the carburized layer [2, 123, 124].

However, the intergranular tunnel cracks can’t fur-

ther propagate and have to accrete due to the pre-

vention of stainless steel cladding and interface as

shown in Fig. 8b. With the increase in tensile strain,

the interfacial delamination phenomenon is pre-

sented due to interfacial misfit and transversal stress,

and the carbon steel substrate individually deforms;

it is easy to localized necking due to low value of

hard-working rate as shown in Fig. 8c [125, 126].

Finally, a catastrophic failure occurs at the carbon

steel substrate, and the tensile stress transforms into

the carburized layer. The section percent of carbur-

ized layer to loading part simultaneously inclined.

That is to say, the stress intensity factor at the tunnel

crack tip in the carburized layer increases, and the

tunnel crack propagates into the stainless steel clad-

ding and results in the fracture failure of overall

stainless steel clad plate [127]. Meanwhile, stainless

steel cladding form many strain-induced martensite

rolling strips as shown in Fig. 8d. Finally, at the stage

of fracture failure, more stress-induced martensite

phases are formed, and one of tunnel cracks passes

through the stainless steel cladding, leading to
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fracture failure of overall stainless steel clad plate as

shown in Fig. 8e.

Figure 9 shows the fracture paths of stainless steel

clad plate with strong interfacial bonding status,

which may be related to the high vacuum degree,

rolling temperature and deformation ratio. The dif-

fusion distances of Cr, Ni and Fe elements are thick

as shown in Fig. 9a. At the early stage of tensile

process, intergranular tunnel cracks also experience

nucleation, propagation, retention and proliferation

processes as shown in Fig. 9b [123]. However,

delamination crack is absent at the clad interface due

to the strong interfacial shear strength, which delays

the premature localized necking and fracture process

of carbon steel substrate, improving the deformation

coordination of clad plate. At this stage, the prolif-

eration of intergranular tunnel cracks and localized

necking of clad plate are mutually competing, and

they are playing important roles in toughening clad

plate [30, 128–130]. Which one affects the final frac-

ture is decided by the thickness ratio of carburized

layer and clad plate, and the final fracture failure is

decided by the carbon steel substrate because of the

thin carburized layer as shown in Fig. 9c [2]. Finally,

microcracks firstly form in the middle of carbon steel

substrate, leading to the fracture failure of substrate,

and then meet the intergranular tunnel cracks,

resulting into the fracture failure of overall clad plate

as shown in Fig. 9d [41, 123]. In addition, more severe

strain-induced martensite strips remain occurred at

the cladding than that of clad plate with low inter-

facial shear strength, which is attributed to the higher

fracture elongation of clad plate [131].

However, if only the pursuit of superior interfacial

shear strength, it would result in the decrease of other

mechanical properties. Superior bonding status is

critical during the tensile, bending, forming and

superplastic process, whereas it is not fitting to the

impact and fracture toughness of clad plate and

multilayer steel [40, 132–137]. In fact, weak interfacial

bonding status may induce many partial interfacial

delamination cracks, which prolong the crack prop-

agation path and reduce the propagation velocity.

Meanwhile, it can also absorb many fracture energy,

which is beneficial to enhance impact and fracture

toughness [138–141]. Moreover, in the microlami-

nated or nanolaminated steels, such as TWIP or DP

steel, interfacial delamination can also improve the

fatigue lifetime [142]. Therefore, single-minded pur-

suit of superior shear strength often gets backfire

conclusion. In addition, super-high rolling tempera-

ture, deformation ratio, vacuum degree always form

Figure 8 a–e The tensile failure process of stainless steel clad plate with weak interface.

Figure 9 a–d The tensile failure process of stainless steel clad plate with strong interface.
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severe residual stress and coarse grains at the clad

interface, resulting into the decrease in overall

mechanical properties [2, 38].

Conclusions and challenges

The interface bonding status of stainless steel clad

plate severely depends on the vacuum degree, rolling

temperature and deformation ratio; with the increase

in the three fabrication parameters, interfacial shear

strength is gradually increased, and the shear frac-

ture region transmits from interface to decarburized

layer. The C, Fe, Ni, Cr, Fe diffusion zones are pre-

sented at the clad interface. Herein, the diffusion of

carbon element leads to the formation of decarbur-

ized and carburized layers, which reveals the uphill

diffusion and interface concentration. Sufficient dif-

fusion of Cr element results in the improvement of

interfacial shear strength. Meanwhile, the addition of

Ni interlayer can effectively inhibit the carbon diffu-

sion and improve the interfacial shear strength.

Longitudinal tensile fracture characteristics reveal

that clad plates with weak interface generate inter-

facial delamination cracks, resulting in the low frac-

ture elongation of clad plate, whereas clad plates

with strong interface can enhance deformation coor-

dination and uniform plastic deformation capacity,

which is beneficial for improving the fracture elon-

gation of stainless steel clad plate.

Recently, the investigation and analysis of clad

interface of hot-rolled stainless steel clad plate are

mainly focused on the macroscale and mesoscale.

However, there are few reports relating to the

microscale and atom scale. Many reports reveal that

the interface bonding properties are mainly related to

the interface oxides inclusions containing type, dis-

tribution, size, shape and number. Moreover, the

distribution state of interface oxides can also affect

the alloy element diffusion behavior and macroscale/

mesoscale interface transition zone. Actually, the

interface oxides inclusions are rather complex, con-

taining more than two alloy elements. Moreover, the

interface oxides inclusions are rather fine in micro-

scale, and further investigations and research should

be carried out using XPS, FIB, TEM and atom probe.

Therefore, more advanced analysis and testing means

should be used to reveal the formation, aggregation

and evolution process of complex interface oxides

inclusions. Meanwhile, laser confocal microscope can

be used to investigate the formation and evolution

process of clad interface microstructure during the

in situ heating process, which may be the further

research direction to reveal the bonding mechanism

of stainless steel clad plate using in situ technique. In

addition, numerical simulation can serve as an

effective way to build up the relationship among

interface bonding properties, hardness distribution

and alloy element diffusion behavior. In this way, the

mechanical properties of stainless steel clad plate can

be predictable and devisable.

Actually, investigation on interface bonding

mechanism of stainless steel clad plate is beneficial to

fabricate the large plate with a thick thickness. In

general, big casting slabs or large weldments always

contain many metallurgical defects during the fabri-

cation process, such as shrinkage cavity, alloy ele-

ment segregation, excessive inclusions. Therefore, a

large hot-rolled plate with strong interface can pro-

vide a new design route to avoid the casting defects

in the sequence of multiplate encapsulation, welding

and hot rolling process. In this way, the tradition

design idea ‘‘using big casting slab to obtain big

sample’’ can be replaced by ‘‘using small casting slab

to obtain big sample.’’
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