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THE BENDING, IMPACT FRACTURE BEHAVIOR AND CHARACTERISTICS OF STAINLESS STEEL CLAD PLATES
WITH DIFFERENT ROLLING TEMPERATURE

The interface characteristics, bending and impact behavior, as well as fracture characteristics of stainless steel clad plates
fabricated by vacuum hot rolling at different rolling temperatures of 1100°C, 1200°C and 1300°C are investigated in detail. The
interface bonding strength is gradually increased with the increasing rolling temperature due to the sufficient diffusion behavior of
alloy element. The bending toughness and impact toughness are gradually decreased, while the bending strength increase with the
increase of the rolling temperature, which is attributed to mechanisms of matrix softening and interface strengthening at high rolling
temperature. Due to the weak interface at 1100°C, the bending and impact crack propagation path was displaced by delamination
cracks, which in turn lead to reduction in stress intensity of the main crack, playing an effective role in toughening the stainless
steel clad plates. Moreover, the impact fracture morphologies of clad plates show a typical ductile-brittle transition phenomenon,
which is attributed to the matrix softening behavior with the increasing rolling temperature.
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1. Introduction

Stainless steel clad plates set structure, display function
at an organic whole by combining the good high temperature
mechanical properties, corrosion resistance, wear resistance,
non-magnetic and decorative of clad metal and outstanding weld
ability, room temperature mechanical properties and low cost of
the base metal [1-3], which have been attracted more and more
attentions in high-end defense field, such as nuclear, shipbuild-
ing, petrochemical, armor and desalination sector etc. [4,5], and
ninety percents of stainless steel clad plates were produced by
vacuum hot rolling method [6]. Herein, some alloying elements
such as Fe, Ni, and Cr all diffuse along the clad interface [7-9].
The diffusion behavior of alloying elements play important roles
in strengthening and toughening clad interface, and rolling tem-
perature may significantly affect the diffuse velocity and diffuse
distance of alloying elements. Therefore, clad interfacial bonding
strength is related to the rolling temperature [10,11].

Interface characteristics and bonding strength can result in
the different mechanical behavior and properties. In the previ-
ous work, the strong interfacial bonding strength delayed the

premature localized necking of base metal, which is beneficial
to improving uniform plastic deformation capacity of overall
clad plate [11,12]. However, weak interfacial bonding strength
is good for the bending, fatigue and impact testing [13-16]. In
the multilayer composites or clad plate, the toughness can be
enhanced by interfacial delamination crack, absorbing a lot of
fracture energy [12,17]. Yin et al. [18] obtained the laminated
fibrous structure of steel by warm groove rolling, and the inter-
face of elongated fibrous grains is easy to induce delamination
crack during the low-temperature impact testing, which is similar
to the bending fracture phenomenon of chopsticks and bamboo,
revealing an obvious inverse temperature effect of impact prop-
erty [19]. Therefore, the low-temperature impact toughness can
be enhanced by reasonable interfacial bonding strength. Lee et
al. [20] reported that laminated super high carbon steel (UHCS)/
brass composite obtains superior impact toughness, and ductile
brass layers can effectively inhibit the crack propagation, so
that UHCS layers are free of notches, and ductile behavior is
observed down to liquid nitrogen temperature. Liu et al. [15]
investigated the bending fracture characteristics of laminated
Ti-TiBw/Ti composites, and proposed that superior fracture
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toughness can be related to the interfacial delamination and
tunnel crack synergy toughening mechanisms. Song et al. [21]
revealed that natural shells have interfacial delamination and
mineral bridge structure, benefiting 2000 times fracture tough-
ness than the conventional CaCOj.

Stainless steel clad plates are comprised of clad interface
and carbon diffusion zone, which are the weakest positions
affecting the subsequent deformation and forming behavior,
however, these topics have yet to be investigated systemati-
cally. The previous work has built the relationship between the
tensile, shear properties of stainless steel clad plates and rolling
temperature in detail [10,11]. However, the carbon diffusion zone
and interfacial bonding strength can be severely influenced by
rolling temperature. Therefore, investigating the effect of rolling
temperature on bending and impact behavior can make a guild
to improve the loading capacity and service applications.

2. Experimental procedures

The raw base metal and clad metal of three groups of stain-
less steel clad plates used in this work were Q235 carbon steel and
SUS304 stainless steel, respectively, and the chemical composi-
tions of those commercial hot rolling plates are listed in Table 1.

TABLE 1

The chemical composition of the carbon steel
and stainless steel (wt. %)

Elements | Fe Cr Ni C Mn Si P S

Q235 9891 — — 0.2 0.5 0.3 |0.045]| 0.05
SUS304 |68.95| 18.5 | 85 [0.025| 2 2 10.025(0.001
Mode 1
b)
II 2mm SSL
Mode TT
c) 1 2mm A'I.Em SSL

Mode IIT

Carbon steel plates with dimension of 200%240x60 mm and
SUS304 stainless steel plates with dimension of 160x200%12 mm
were prepared for hot-rolling preparation. Two groups of square
billets were mirror symmetrically assembled after cleaning up
the oxide scale and containment layer on the surface by angle
grinder or other grinding machines. All round weld of plates
edges was carried out to form a sealed chamber with a reserved
air exhaust hole, then vacuuming was performed with 10~ Pa
and sealing state for holding through the hot rolling process. The
rolling process was carried out after soaking the built-up slab
at 1100°C, 1200°C and 1300°C for 120 min. The thicknesses
of the clad plates were reduced from 145 mm to 14 mm after
eight passes in about 5 min, and total rolling reduction ratio is
90.3%. Finally, the hot products were naturally cooled in air and
afterwards cut for testing.

Cross sections parallel to the rolling direction of the clad
plates with 10mm interface were ground and finished to detect
the interface microstructure and characteristics by optical mi-
croscopy (OM) and scanning electrical microscopy (SEM). The
samples were sequentially etched with 4% ethanol solution of
nitric acid and 10% chromic acid electrolytic method for mi-
crostructure observation. Interface alloying elements diffusion
behavior was investigated using electron probe microanalysis
(EPMA) with wavelength dispersive spectroscopy (WDS).
Bending specimens with notch crack and impact samples were
machined parallel to the rolling direction with modes I, I and I1I
as shown in Fig. 1. The bending and impact fracture characteris-
tics were also conducted using a scanning electron microscope
(SEM) and digital camera. A total of five samples were tested
for each mode. The bending load-displacement (F-I) curve was
acquired automatically by using an instron-5500 electronic
universal test machine at room temperature.
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Fig. 1. The schematic diagrams of notched bending samples under a)mode I; b) mode II; ¢) mode III and notched impact samples under d) mode I;

¢) mode II; f) mode III



3. Results and discussions

3.1. Microstructure and interface alloying
element distribution

Fig. 2 shows the interface microstructure and characteristics
of stainless steel clad plates fabricated at different rolling tem-
perature. During the hot rolling process, carbon element from
base metal diffuse into the clad metal and result in the formation
of decarburized layer full of ferrite phases. Meanwhile, a carbur-
ized layer of clad metal formed due to the diffusion behavior
of carbon element [22-25]. The grain boundaries of carburized
layer are ornamented by many chromium carbide (Cr,3C), which
leads to low corrosion resistance and intergranular corrosion
crack tendency. The carbon element diffusion zone and grain
size gradually increase with the increasing rolling temperature.
Stainless steel clad plates fabricated at 1100°C, 1200°C and
1300°C obtained decarburized layers with thicknesses of 75 um,
91 um and 96 um, respectively. Compared with the little change
of decarburized layer, the thicknesses of carburized layer are
33 pm, 108 um and 160 um, respectively, which changed a lot.
That is to say, the carbon diffusion behavior in the austenite
phase rather than the ferrite phase can be severely affected by
rolling temperature, and the carbon diffusion behavior becomes
obvious at high temperature.

Fig. 3 shows the diffusion behavior of interface alloying
elements, such as Fe, Ni, Cr, C elements. Obviously, the diffusion
distance of all the alloying elements gradually extend with the
increase of rolling temperature. The diffusion distance of Fe, Cr,
Ni elements at 1100°C are 3 um, 5 pum and 2 pm, respectively.
The clad plate fabricated at 1200°C obtains a thick diffusion
zone with the diffusion distance of Fe, Cr, Ni elements are 8 pm,
10 um and 7 pm, respectively. However, when the rolling tem-
perature reaches to 1300°C, the Fe, Cr, Ni elements diffuse about
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15 pm, 20 pm and 8 um, respectively. In the previous work, Chen
et al. [10] reported that stainless steel clad plates with strong
interface bonding strength are mainly attributed to the sufficient
diffusion of interface alloying elements and recovery, recrystal-
lization of interface microstructure. Interface formation process
is related to the nucleation, growth of sinter necking, converge
of interface pores and formation of grain boundary [12,26-28].
Meanwhile, alloy element diffusion plays an important role
in strengthening and toughening interface by solid solution
strengthening and dispersion strengthening mechanisms. The
thicker of the alloy diffusion distance, the stronger of the in-
terfacial bonding strength of clad plates. Moreover, the carbon
element reveals a peak value and uphill diffusion phenomena at
the interface zone detected by EPMA, and the carbon content of
carburized layer is higher than that of decarburized layer, which
is fitting to the results of Pavlovsky et al. [29]. It is attributed to
the different diffusion velocity and solubility of carbon element
in ferrite and austenite, respectively, and the ferrite has high dif-
fusion velocity and low solubility of carbon element compared to
the austenite [30,31].

Fig. 4 shows the bending load-displacement curves of stain-
less steel clad plates fabricated at different rolling temperatures
under modes I, II and III. No matter what mode of notched crack
is, the deformation characteristics are basically same. With the
increase of rolling temperature, the maximum bending load-
ing force gradually decrease as shown in Figs. 3a)-c), which
may be attributed to the matrix softening and grain coarsening
mechanisms. However, the bending ductility is increase first and
then decrease and less pop-in points are presented in the load-
displacement curves at high rolling temperature, which may be
attributed to the interface bonding status. Stainless steel clad
plate fabricated at 1200°C reveals a reasonable interface bonding
strength. It can result in the interface delamination crack and long
crack propagation path. Meanwhile, the short delamination crack
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Fig. 2. The microstructure and interface characteristics of stainless steel clad plates fabricated at different rolling temperature. a) 1100°C;

b) 1200°C; ¢) 1300°C
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Fig. 3. EPMA analysis shows interface alloying elements diffusion behavior of stainless steel clad plates fabricated at different rolling temperature.

a) 1100°C; b) 1200°C; ¢) 1300°C

plays an important role in synergy strengthening and toughening
interface in comparison with long delamination crack, leading
to the highest bending toughness [21].

The normal bending fracture morphologies of stainless
steel clad plate under divider direction (mode I) are shown in
Fig. 5. At the rolling temperature of 1100°C, an obvious long
delamination crack with the length of 800~1200 um present

at the clad interface as shown in Figs. 5a)-c), revealing the weak
interface bonding strength. At the rolling temperature of 1200°C,
the interface delamination crack with the length of 100 um cor-
responding with moderate interface bonding strength is shown
in Figs. 5d)-f). However, when the rolling temperature reaches
to 1300°C, a strong clad interface without interface delamination
is shown in Figs. 5g)-i).
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Fig. 6 shows the profile bending fracture morphologies of
stainless steel clad plates under arrester direction (modes II and
IIT). Whatever mode II or III, the main crack propagation always
induces the formation of obvious interface delamination crack
when the rolling temperature reaches to 1100°C as shown in
Figs. 6a) and 6b), and the length of delamination crack is about
2 mm. According to the theory of fracture mechanics, the long
interfacial delamination crack has great influence on the fracture
failure, and severely lowered the fracture toughness of laminated
composites [21,32,33]. Liet al. [16,34,35] reported that two typi-
cal stresses act around the main crack tip. Stress parallel to the
external force shows a maximum value at the crack tip, whereas
stress with the direction perpendicular to the external force has
amaximum value located somewhere ahead of the main crack tip.
Therefore, if there is a weak interface ahead of the main crack,
the interface can be opened up before the main crack reaches it.

When the rolling temperature reaches to 1200°C, a reasonable
short interfacial delamination crack with the length of 300 pm
present due to the moderate interface bonding strength as shown
in Figs. 6¢) and 6d). The short interface delamination crack
induces the crack deflection mechanism by consuming a great
amount of fracture energy. Therefore, the clad plate fabricated at
1200°C obtains the modest fracture resistance. When the rolling
temperature reaches to 1300°C, there are no obvious interface
delamination crack during the bending process as shown in
Figs. 6e) and 6f), revealing superior interface bonding strength
of stainless steel clad plates fabricated at 1300°C compared to
1100°C and 1200°C. Under mode II, the main crack at the base
metal is arrested at the interface zone by the blunting of inter-
face and clad metal, accompanying with many crack branches
presented at the interface as shown in Fig. 6e). It is because that
the carbon steel around clad interface affords super-high tensile

a) b)
C) d

Imm

)
f)

Imm

Fig. 6. The profile bending fracture characteristics of stainless steel clad plates fabricated at different temperature of a) 1100°C, mode II; b)1100°C,
mode III; ¢) 1200°C, mode II; d)1200°C, mode III; ) 1300°C, mode II; £)1300°C, mode 111



stress due to the absence of interface delamination crack, result-
ing in high stress and strain concentration at the clad interface.
However, under mode III, the main crack at the clad metal can
propagate into the base metal as shown in Fig. 6f). Clad metal
has higher fracture elongation and fracture toughness than the
base metal and clad interface. The main crack can’t be blunted
and propagates into the base metal straightly, resulting in low
bending toughness. Therefore, the fracture mode transmits from
interfacial delamination into the crack branches with the increase
of rolling temperature under modes II and 111, respectively.
Fig. 7 shows the macroscopic impact fracture morpholo-
gies of stainless steel clad plates fabricated at different rolling
temperature under mode I, and the values of experimental impact
fracture energy are listed in Table 2. Obviously, all the stainless
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steel clad plates fabricated at 1100°C reveal interface delami-
nation crack as shown in Figs. 7a), 7b) and 7¢). Delamination
crack enlarges the absorbed fracture energy because it makes
the crack propagates long enough in comparison with the stain-
less steel clad plate with strong interface bonding [36]. Lesuer
et al. [37] reported that if interface delamination occurs at the
main crack tip, then the clad metal and base metal can deform
individually under plane stress rather than plane strain condition.
This change in deformation mode causes the individual layers to
shear fracture fail and can increase the stress required for crack
growing. That is to say, the impact toughness value tested on
thick samples with multilayered structure and moderate interface
is equal to the high toughness that would have been obtained
for the individual thin layers under plane stress condition,

Fig. 7. The impact fracture morphologies of stainless steel clad plates with different rolling and testing temperatures under mode 1. a) rolling
temperature of 1100°C and testing temperature of 0°C; b) rolling temperature of 1100°C and testing temperature of —20°C; c) rolling tempera-
ture of 1100°C and testing temperature of —40°C; d) rolling temperature of 1200°C and testing temperature of 0°C; e) rolling temperature of
1200°C and testing temperature of —20°C; f) rolling temperature of 1200°C and testing temperature of —40°C; g) rolling temperature of 1300°C
and testing temperature of 0°C; h)rolling temperature of 1300°C and testing temperature of —20°C; i) rolling temperature of 1300°C and testing

temperature of —40°C
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resulting in the local plane stress deformation and high impact
toughness of stainless steel clad plates. Moreover, the refined
microstructure and grain can also benefit to the enhanced impact
toughness [11]. With the increase of rolling temperature, the im-
pact toughness of stainless steel clad plate gradually decreasing
as listed in Table 2. The impact fracture characteristics reveal
gradually decreasing interface bonding strength of stainless steel
clad plates. Especially at the rolling temperature of 1300°C, the
absence of interface delamination and grains coarsening lead to
the low impact toughness as shown in Figs. 7g)-i). In addition,
with the decrease of testing temperature, the impact fracture
characteristics change from axe-like shape to the brick-like
shape, and the impact toughness decrease as listed in Table 2,
which are fitting to the typical ductile-brittle transition of metal
matrix composites.

Fig. 8 shows the impact fracture morphologies of stainless
steel clad plates fabricated at different rolling temperature under

TABLE 2

The values of experimental impact fracture energy of stainless steel

clad plates under modes I, II and 11T

Rolling Experimental temperature
Notch position | temperature 0°C —20°C —40°C
(Profile cross- ™50 116J 102J 20
section) S
Mode I 1200°C 1007 80J 18]
1300°C 75 60J 15J
Rolling Experimental temperature
Notch position | temperature 0°C —-20°C —40°C
(carbon steel [ 550 48] 331 12]
substrate) S
Mode II 1200°C 40J 30J 10J
1300°C 16J 13J 10J
Notch position Rolling Experimental temperature
(stainless steel | temperature 0°C —20°C —40°C
cladding) 1100°C 162] 157] 150J
Mode ITI 1200°C 148J 150J 153)

7 4
1200°C p’

R
100pm |

b) 1200°C; c)

1300°C; the macroscopic impact fractrure characteristics of stainless steel clad plates fabricated at 1100°C under mode I: d) macro picture; e)
fibrous zone; f) interface; g) compression stress zone; h) interface between radiation zone and shear lip



mode I. In addition to the interface delamination crack, the area
of fibrous region displays a gradually decreased tread with the
increasing rolling temperature as shown in Figs. 8a)-c), which
reveals the ductile brittle transition phenomenon. Figs. 8d)-h)
show the microscopic impact fracture characteristics of stainless
steel clad plates fabricated at 1100°C under mode 1. At the testing
temperature of —20°C, an obvious interface delamination crack
present at the clad interface as shown in Fig. 8d). One fourth
of fracture area is comprised of fibrous zone, containing many
dimples and revealing typical ductile fracture mode as shown in
Fig. 8e). Interface delamination induces that individual layers
deformed under plane strain conditions and enlarged the fibrous
zone compared to the strong interface as shown in Fig. 8f). In-
dividual layers experience considerable shear deformation and
work hardening stages before fracture, resulting in super-high
impact toughness. Fig. 8g) shows the typical ductile fracture
characteristics away from the notch tip where the dimples ap-
peared again. The reason is that compressive stress existed at
the zones away from the notch tip. The crack is blocked when
the crack encountered the compressive stress region. Fig. 8h)
shows the interface fracture characteristics between radiation
zone and shear lip. Obviously, the fracture mode of radiation
zone is mainly dominated by cleavage fracture accompanying
with many crack bifurcations, which is typical brittle fracture
characteristics. However, the fracture mode varies from brittle
fracture of radiation zone to ductile fracture of shear lip, which
is attributed to the transition of stress state from plane strain to
plane stress

Fig. 9 shows the impact fracture morphologies of stainless
steel clad with different rolling and testing temperatures under
mode II. Whatever the testing temperature is, the long interface
delamination crack with extensive plastic deformation present

3mm |f
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at clad interface fabricated at 1100°C as shown in Figs. 9a)-c).
Interface delamination enlarges the absorbed energy because
that it inhibits the crack propagation in the stainless steel, which
must deform plastically until a new dominant crack nucleate.
Therefore, the main crack can’t propagate into the clad metal.
However, the stainless steel clad plates fabricated at 1200°C
and 1300°C reveal a straight crack propagation path as shown
in Fig. 9d)-i), and the main crack propagates into the stainless
steel clad plate, resulting in low impact toughness.

Fig. 10 shows the impact fracture morphologies of stainless
steel clad with different rolling and testing temperatures under
mode II. At the rolling temperature of 1100°C, there are no any
variations in the fracture morphology of clad plate under different
testing temperature as shown in Figs. 10a)-c). A long interface
delamination crack ahead of an advancing crack with the length
of 1.5 mm present at the clad interface. Once the delamination
crack occur, the stress concentration of main crack tip can be
effectively relieved. These crack path deviations induce the main
crack to move away from the plane experiencing maximum
stress, and the stress state changes from triaxiality stress into the
biaxial stress, displaying high impact energy. However, the stain-
less steel clad plate fabricated at 1200°C reveals slight interface
delamination crack and severe crack bifurcation in the base metal
as shown in Figs 10d)-f). Due to the strong interface, the main
crack propagates into the base metal and leads to fracture failure
of overall clad plate. Meanwhile, the crack bifurcation and local
plastic deformation have occurred absence of stress relaxation
at the interface. The crack bifurcation and plastic deformation
consume a lot of fracture energy, resulting in similar super-high
impact toughness with that of clad plate fabricated at 1100°C.
In addition, the impact energy of mode III is the highest among
the three modes, and testing temperature has few influences on

550

3mm

3mm

3mm

Fig. 9. The impact fracture morphologies of stainless steel clad with different rolling and testing temperatures under mode II. a) rolling temperature
of 1100°C and testing temperature of 0°C; b) rolling temperature of 1100°C and testing temperature of —20°C; ¢) rolling temperature of 1100°C
and testing temperature of —40°C; d) rolling temperature of 1200°C and testing temperature of 0°C; ¢) rolling temperature of 1200°C and testing
temperature of —20°C; f) rolling temperature of 1200°C and testing temperature of —40°C; g) rolling temperature of 1300°C and testing temperature
of 0°C; h)rolling temperature of 1300°C and testing temperature of —20°C; 1) rolling temperature of 1300°C and testing temperature of —40°C
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Fig. 10. The impact fracture morphologies of stainless steel clad with different rolling and testing temperatures under mode III. a) rolling tem-
perature of 1100°C and testing temperature of 0°C; b) rolling temperature of 1100°C and testing temperature of —20°C; c) rolling temperature
of 1100°C and testing temperature of —-40°C; d) rolling temperature of 1200°C and testing temperature of 0°C; e) rolling temperature of 1200°C
and testing temperature of —20°C; f) rolling temperature of 1200°C and testing temperature of —40°C

the impact energy under mode III. The high impact energy of
mode 111 is attributed to that crack initiation zone present at the
clad metal, as well as the nonstandard notch with small size. Also
in mode II, low impact energy has obtained that crack propagated
through carbon steel.

4. Conclusions

(1) The interface bonding strength gradually increase, whereas
bending strength decrease with the increase of rolling tem-
perature, which is attributed to matrix softening effect and
alloy element diffusion behavior.

(2) The average length of interface delamination cracks gradu-
ally decrease with the increase of rolling temperature, lead-
ing to the gradually decrease of impact toughness under
modes I and I1.

(3) Stainless steel clad plates fabricated at 1100°C and 1200°C
obtain similar impact energy under mode I1I. Long delami-
nation toughening mechanism is located at the clad plate
fabricated at 1100°C, whereas the clad plate fabricated at
1200°C contains delamination crack and crack bifurcation
competing mechanisms.
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