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Steel Bimetal: Diffusion Behavior and Bonding Strength
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In the present study, a high chromium cast iron (HCCI) alloyed with Mo (16 wt.% Cr-6 wt.% Mo-2.4 wt.%
C) with excellent wear resistance was bonded to a low carbon steel (LCS) by surface liquid-phase sintering.
The bimetal was also subjected to a quenching + tempering treatment. The diffusion behavior of the atoms
between the HCCI and LCS was analyzed. The bonding strength of the bimetal was investigated before and
after heat treatment. The results show that the bimetal had a good bonding quality due to the uphill
diffusion of C atoms. A diffusion zone with a width of approximately 37 pm and a troostite structure
formed on the HCCI side by the interface. With different bonding times, there was no obvious change in the
width of the diffusion zone. The shear strength of the bimetal at all holding times was reduced from a high
level after heat treatment and decreased with increasing tempering temperature. The impact toughness of
the bimetal substantially increased compared with that of the HCCI. After a quenching treatment, the
impact toughness of the bimetal decreased, and the microhardness of the diffusion zone improved. As the
tempering temperature increased, the microhardness and impact toughness decreased and increased,

respectively.
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1. Introduction

High chromium cast irons (HCCIs) have been widely used
in various industries, such as in cement manufacturing and for
mining machinery, due to their excellent wear resistance (Ref 1-
4). Some researchers have demonstrated that the performance
of HCClIs could be improved by the addition of Mo (Ref 5-7),
and quenching + high temperature tempering treatment has
consistently been used to improve their strength and wear
resistance (Ref 8-10).

Low carbon steels (LCSs) or low alloy steels (LASs) have
the disadvantages of poor corrosion resistance and insufficient
wear resistance, resulting in the reduction of their service life.
To overcome these shortcomings, bimetals have gradually
become a research priority (Ref 11-22), and researchers have
attempted to bond HCCIs to LCSs or LASs (Ref 13-20). X.
Xiao fabricated a HCWCl/carbon steel bimetal liner using the
liquid—liquid compound lost foam casting method, and the
interface of the liner presented an excellent metallurgical
bonding state (Ref 15). Xiong bonded the HCCI to a medium
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carbon steel by liquid—solid casting with and without an
electromagnetic induction field, and metallurgical bonding with
a good interface was obtained by the diffusion of atoms (Ref
16, 17). Kurt investigated the effects of bonding temperature
and holding time on the interface microstructure and bonding
strength and concluded that high bonding temperature and long
holding time have a positive influence on bonding quality (Ref
18, 19). Gao et al. (Ref 21) developed a HCCI/LCS bimetal by
hot diffusion-compression bonding, and the bond strength was
improved by increasing the temperature and reducing the strain
rate. In our previous work (Ref 22), the uphill diffusion of C
atoms was found during the bonding process of a diffusion
couple consisting of HCCI and LCS.

Surface liquid-phase sintering (Ref 23) is a method that
places the premade powder on the surface of the substrate and
heats it to achieve metallurgical mixing by the diffusion of
atoms in a vacuum or under inert gas protection. As a novel
preparation method, it has the following advantages. As a
continuous and dense HCCI, its microstructure has fewer
defects, such as cracks and voids, which can play a role in
improving corrosion resistance and wear resistance. The
microstructure of the HCCI can be adjusted to accommodate
the requirements of the working conditions by appropriately
designing the chemical component of the premade powders.
During the incubation process, sufficient atomic diffusion
between the HCCI and substrate material can be achieved to
obtain a good bonding strength. In our previous work, 6 wt.%
Mo was added into a HCCI (16 wt.% Cr-2.4 wt.% C), and the
wear resistance was substantially improved via a quench-
ing + tempering treatment, but the alloyed HCCI showed poor
toughness (Ref 24). In the present study, the alloyed HCCI was
bonded to the LCS by surface liquid-phase sintering to improve
toughness. The influence of heat treatment on the bonding
strength of the bimetal was studied systematically. The
diffusion behavior of atoms between the HCCI and LCS was
also investigated in detail.
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2. Materials and Methods

2.1 Materials

The LCS used as substrate material in the present study was
a 20" gauge cold-rolled steel sheet with a thickness of 6 mm
that was cut into a size of 120 mm x 80 mm by wire cutting.
The LCS sheet was processed with a grinder and cleaned using
alcohol to obtain chemically active surfaces. The prepared LCS
sheet was placed into the bottom of an alumina crucible with
the corresponding size.

Low-carbon ferrochromium, graphite and ferromolybdenum
powders with particle sizes of 10-100 pm were used as raw
materials for the sintering of the wear-resistant HCCI alloyed
with Mo. The powders were uniformly mixed using a planetary
mixer and loaded into the alumina crucible up to the LCS sheet.
An argon gas protection furnace was used for the melting and
in situ reaction of the raw material powders to avoid oxidation
of the sample. The materials were heated to 1270 °C and held
for 5 min, 20 min, and 40 min and then furnace cooled to room
temperature. During the sintering process, the raw materials
powders reacted at 1270 °C and formed a HCCI liquid alloy,
and the processed LCS had a chemically active surface. Atomic
diffusion occurred between LCS and HCCI to achieve good
metallurgical bonding. The chemical compositions of LCS and
obtained HCCT are listed in Table 1.

HCCI with a large thickness can be obtained by this method,
and a schematic of the as-cast bimetal is shown in Fig. 1(a). To
increase the strength, parts of the bimetal were heated to
1040 °C and held for 120 min to destabilize it and then the
sample was cooled to room temperature with forced air. A
tempering treatment was adopted to eliminate the residual stress
in the samples caused by the forced-air cooling process where it
was heated to 500, 550, and 600 °C, held for 120 min, and then

Table 1 Chemical compositions of the HCCI and the
LCS (wt.%)

Material C Cr Mo Si Mn Ni Fe
LCS 0.2 02 - — 0.5 0.1 bal
HCCI 24 161 6.0 1.1-15 0.5-0.7 0.4-0.5 bal

Shear‘sampl:.<-———‘

Interface

Sample for impact test Sample for shear test

Fig. 1 Positions and dimensions of samples for tests of impact
toughness and shear strength
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furnace cooled. The sample codes after the heat treatments are
shown in Table 2.

2.2 Microstructural Analysis

Samples for metallography were cut into a size of
10 mm x 10 mm x 10 mm across the interface of the bimetal,
ground with 60-2000# grinder papers, and then polished using
a | um diamond polishing paste. A reagent of 4 vol.% natal
was used for etching of samples. The microstructure was
investigated with optical microscopy (OM) on an OLYMPUS-
GX71 instrument and field emission scanning electron micro-
scopy (FE-SEM) on an Ultra Plus (ZEISS) instrument. The
diffusion of the atoms between the HCCI and LCS was
analyzed by electron-probe microanalysis (EPMA) on a JXA-
8530F instrument. A TECNAI G20 TEM equipped with an
Oxford® Inca EDS detector was utilized to investigate the
microstructure of the diffusion zone and operated at 200 kV.

2.3 Microhardness, Impact and Shear Test

The hardness was measured using a Vickers hardness tester
with a load of 200 g and a dwell time of 10 s, and the average
value of 5 different measurements is reported. Impact testing
was used to characterize the ability of the sample to resist an
impact load by JBW-500 impact testing machine. According to
the impact feature of the bimetal, a V-notch was processed on
the LCS side. Shear strength was used to characterize the
bonding strength of the HCCI and LCS. An instrument
designed and constructed in the laboratory was used for shear
testing, as shown in Fig. 2. The instrument was connected to a
universal testing machine (IDW-200H), and the loading rate
was 1 pum s~ '. The positions and dimensions of the samples for
impact toughness and shear strength tests are shown in Fig. 1,
and the interface was processed in the middle of every bimetal
sample. Every mechanical test above was repeated three times
with the same conditions at room temperature.

The shear strength was calculated by the formula below:

g = Z
where ¢ denotes the bond strength (MPa), F denotes the
ultimate load (N), and 4 denotes the bonding area (mm?).

3. Results and Discussion

3.1 Microstructure

Low-magnification optical micrographs of the bimetals with
different holding times are shown in Fig. 3. The HCCI and
LCS demonstrated good bonding at different holding times, and
a clear and intact interface was observed in the bimetal cross-
sections. However, some voids were detected in the HCCI of
the sample held for 5 min, which demonstrated that the powder
comprising the raw materials cannot fully react in a short
holding time, resulting in the formation of defects. Surface
liquid-phase sintering requires the powder raw materials to
react at 1270 °C, form a liquid alloy and then metallurgically
bond to the LCS. However, the insufficient holding time of
5 min did not completely liquefy the alloy, resulting in the
appearance of defects in the microstructure of the as-cast HCCI.
The microstructure of the samples with a 20 and 40 min
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Table 2 Different heat treatments and sample codes

Material Details of treatment Sample code

HCCI Quenching (1040°C) Q1040
Quenching (1040°C)

Bimetal Quenching (1040°C) + Tempering (500°C) QT500
Quenching (1040°C) + Tempering (550°C) QTS50
Quenching (1040°C) + Tempering (600°C) QT600

Interface HCCI
Top _ | Bottom
attachment attachment
LCS

Fig. 2 Schematic illustration of a home-made instrument for shear
strength test

s BRI

Fig. 3 Low-magnification optical micrographs of the bimetals with
different holding time: (a) 5 min, (b) 20 min, (c) 40 min

holding time showed excellent bonding quality. The effect of
the holding time on the fabrication of a bimetal was demon-
strated and holding for 20 min produced an acceptable bimetal
material.

Figure 4 shows the OM micrographs of the bonding
interface of bimetals with different holding times. The top side
panel shows the HCCI, and the bottom side panel shows the
LCS. The interface was almost a straight line without any
microvoids, microcracks and unbonded regions. On the HCCI
side, the microstructure consisted of an M,C; carbide, an M,C
carbide and a ledeburite matrix (Ref 24). On the LCS side, the
pearlite and ferrite gains were large with an average size of
68 um due to the substantial growth of the grains during the
1270 °C heat treatment process. An off-white ferrite band can
be seen near the interface on the LCS side, and an opposite
black narrow band can be seen on the HCCI side, which can be
referred to as the diffusion zone. The details of the black band
are shown in Fig. 4(d); it can be identified as troostite with fine
lamellar carbides distributed in the ferrite matrix.

The BF-TEM micrograph of the diffusion zone is shown in
Fig. 5(a). The lamellar carbide was identified as M;C by the
corresponding SADP. The TEM-EDS analysis of M5C is shown
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in Fig. 5(b), and its Fe/M (Cr, Mo) atom ratio was calculated as
3.0. Based on our previous study, the microstructure of the
diffusion zone was studied in a diffusion couple consisting of
the HCCI (16 wt.% Cr with no addition of Mo) and the LCS.
The results showed that the carbide type in the diffusion zone
was M,;Cs, and the spacing of the M,3Cg lamellar was 63 nm
on average (Ref 22). The addition of Mo is the reason for the
formation of this microstructure in the present study, and it
affected the stability of the austenite at high temperatures and
changed the solidification process. The Mo atoms dissolved in
the austenite by replacing the Cr atoms and delayed the
transformation of the austenite to pearlite (Ref 25).

EPMA was used to analyze the diffusion zone of the sample
held for 20 min to investigate the diffusion of the atoms on the
interface, and the result is shown in Fig. 6. In our previous
research (Ref 22), C atoms diffused from the LCS to the HCCI,
which can be considered as uphill diffusion; the diffusion of the
Cr atoms cannot occur due to their large atomic diameter. The
results of Fig. 6 agree with that assessment, and a C-poor ferrite
zone formed because the C atoms diffused from the LCS to the
HCCI, and the diffusion of the Mo and Cr atoms did not occur
because they were not detected in the LCS side (Fig. 6(c) and
(d)). According to the hypothesis by L. Shi (Ref 26), the
diffusion driving force originates from the chemical potential
gradient, and Cr and Mo reduced the chemical potential of C
atoms in the Fe-Cr-C and Fe-Mo-C ternary systems, respec-
tively. In the present study, the effect of the Cr and Mo in
reducing the chemical potential of the C was superimposed.
Compared with our previous research (Ref 22), the chemical
potential of C was further decreased, and then, the driving force
of the uphill diffusion was increased.

Upon comparing the width of the ferrite band in the samples
held for different times in Fig. 4, it can be seen that the width of
the ferrite band did not increase with increasing holding time.
This is due to two factors. On the one hand, as the diffusion of
C atoms continued, the C content in the diffusion zone
increased, leading to an increase in the chemical potential of the
C and decreasing the diffusion driving force. On the other hand,
in the early stage of the diffusion, the C-poor ferrite band
gradually widened, and the driving force needed for the
diffusion of C atoms increased. When the driving force
provided by the chemical potential gradient was balanced by
the driving force required for the long-range diffusion of the C
atoms, the diffusion behavior ended. The width of the ferrite
band and diffusion zone remained unchanged.

3.2 Microhardness

The microhardness near the interface of the sample held for
20 min (before and after heat treatments) is shown in Fig. 7.
The microhardness in the as-cast sample on the LCS side was
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Fig. 4 OM micrographs of the bonding interface of bimetal with different holding time: (a) 5 min, (b) 20 min, (c) 40 min; (d) SEM detail of

the diffusion zone of the holding 20 min sample
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Fig. 5 BF-TEM micrograph of the diffusion zone of the 20 min holding time sample and corresponding SADP

low due to the formation of a C-poor ferrite band with a width
of 83 pm by the interface, and a slight increase was noticed out
of that range. On the HCCI side, the microhardness obviously
increased. The high Cr and Mo content of the carbides in the
diffusion zone improved the solid solution strengthening; the
microhardness sequentially increased, attributed to the hard
M,C;5 and Mo-rich carbides in the microstructure of the HCCI.
For the sample that was heat treated and destabilized, the LCS
uniformity increased during the soaking process and showed
similar microhardness values after the forced air cooling. On
the HCCI side, the microhardness obviously increased due to
the formation of martensite with high C content in the diffusion
zone, and the microhardness of the HCCI was also high
because of a microstructure that consisted of hard carbides and
a martensite matrix with secondary carbides. After the temper-
ing treatment, the microhardness did not show an obvious
change on the LCS side compared with the sample that
underwent a destabilization heat treatment; however, because of
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the exsolution of the C and alloy atoms in the martensite
matrix, the microhardness of the tempered samples decreased
with increasing tempering temperature on the HCCI side. The
microhardness of the HCCI increased in the diffusion zone in
every tempered sample, which was due to a high C content in
the diffusion zone, which retained a volume fraction of
martensite, leading to the high microhardness after tempering
treatments.

3.3 Impact Toughness

The toughness of HCCI samples decreased with an increase
in the abrasive resistance by the addition of alloying elements.
In the present study, LCS with good toughness can improve the
impact resistance of the bimetal, and the results after the impact
test are shown in Fig. 8. The toughness of bimetal is much
higher than that of HCCI under the as-cast condition. After
forced air cooling treatment, the impact toughness of HCCI
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Fig. 6 EPMA micrographs of the bonding interface: (a) Compo-image, (b) C distribution image, (c) Cr distribution image, (d) Mo distribution

image
i i i
800 - | —s=—As-cast | )
! —=—Q1040 | :
- i ——QT500 ~
- 600 - i ——QT550 |
$ | ——QT600
- i
= 400 - -
= ]
£ ! Diffusion zone
= 200 - 1 1 ]
= i i
LCS | Ferrite zone | i HCCI
0 _FN—'>:<—>I<_

L] L) L] L} L) Ll T Ll T
-120 100 -80 -60 -40 -20 0 20 40 60 80 100

Distance from interface, pm

Fig. 7 Variation of microhardness as a function of distance from
the interface

decreased because of the brittleness caused by martensite
transformation of matrix. The grain size of the LCS excessively
increased during the furnace cooling process, causing a
decrease in the tensile strength of the as-cast LCS, resulting
in a lower impact toughness of the bimetal. The impact
toughness increased after forced air cooling because of the
increase in the LCS strength (Fig. 7). After tempering treat-
ment, the martensitic brittleness was eliminated, leading to the
improvement of impact toughness of the tempered samples, and
it increased with an increase in the tempering temperature.

3.4 Shear Strength

The shear strength can accurately reflect the bonding
strength of a bimetal, and the results from this study are shown
in Fig. 9. As discussed above, the width of the ferrite band and
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Fig. 8 Impact toughness of the as-cast and heating treated HCCI
and bimetal samples

diffusion zone remained almost unchanged with increasing
holding time, leading to nearly the same shear strength. In the
HCCI/medium carbon steel (MCS) diffusion couple in the
research by B. Xiong, the shear strength improved with
increasing liquid—solid volume ratio and peaked at approxi-
mately 260 MPa (Ref 16). In the research by B. Kurt, the shear
strength of the gray cast iron/MCS bimetal decreased with
decreasing bonding temperatures, and the highest value
(142 MPa) was produced at the test temperature of 1000 °C
(Ref 18). Gao fabricated a HCCI/LCS bimetal by hot diffusion
compression bonding, and the optimal shear strength in his
research was approximately 315 MPa (Ref 21). Compared with
the above works, the bimetal fabricated in this study has the
advantage of bonding strength.
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SEM fractographs of shear testing samples with different
holding times are shown in Fig. 10. There is no obvious
difference in the fractograph features of samples with various
holding times; all fractographs comprise shear bands and shear
dimples. The fractograph of the sample held for 40 min shows
the characteristics of a toughening nest.

Shear strength values for the sample held for 20 min with
various heat treatment conditions are shown in Fig. 11. The
shear strength of the sample after heat treatment significantly
decreased compared with that of the as-cast sample
(586.2 MPa, shown in Fig. 9), and had a descending trend
with increasing tempering temperature. The shear strength of
the QT600 sample was as low as 358.9 MPa.

To analyze the reason for the shear strength decrease after
heat treatment, SEM micrographs of the diffusion zone of the

600 4
B (16]
07 18]

I Present study

Shear strength, MPa
w
S

5 20 40
Holding time, min

References

Fig. 9 Variation of shear strength of several works
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as-cast and Q1040 samples were obtained and are shown in
Fig. 12. In our previous research (Ref 22), the HCCI grains
grew along the orientation of the LCS grains during the
solidification process. This led to the formation of grain
boundaries across the interface, which could effectively
improve the shear strength. These results of this study are
consistent with those findings because a grain boundary can be
seen across the interface, as shown in Fig. 12(a). However, the
Q1040 sample had an entirely different interface microstruc-
ture, and the grain boundary was along the interface, as shown
in Fig. 12(b). Due to the different components in the HCCI and
LCS, their grain orientations changed during the forced-air
cooling that occurred after austenitizing. The grain boundaries
coincided with the interface. When the sample was subjected to

500 -
§
o 400 -
-
&0
)
(]
E
w
g 300 A
=
7

200 -

Q1040 QT500 QT550 QT600
Samples

Fig. 11 Shear strength of bimetal samples with different heat
treatment conditions

Fig. 10 SEM fractographs of shear testing samples with different holding time: (a) 5 min, (b) 20 min, (c) 40 min, (d) Detail of holding 20 min

sample
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Fig. 12 SEM micrographs of the diffusion zone of as-cast and heat treatment sample: (a) As-cast sample, (b) Q1040 sample

Shear band

Fig. 13 SEM fractographs of shear strength test samples with different heat treatment: (a) Q1040 sample, (b) QT500 sample, (c) QT550

sample, (d) QT600 sample

a shear force during the shear testing, sliding easily occurred
along these grain boundaries, resulting in a decrease in the
shear strength. After the tempering treatment, the supersatu-
rated solid solubility of the martensite in the diffusion zone
further decreased, and the crystal mismatch with the LCS
increased, leading to a decrease in the shear strength with
increasing tempering temperature.

SEM fractographs of shear strength test samples after heat
treatment are shown in Fig. 13. The SEM fractograph of the
Q1040 sample presents obvious cleavage fracture characteris-
tics because of the quenching stress and martensitic brittleness
at the interface that was produced during the quenching
process. The shear band is discontinuous, which is indicative of
brittleness. As the temperature increased, the shear band
became more complete, and the dimples began to protrude.
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4. Conclusions

In the present study, HCCI was bonded to LCS by surface
liquid-phase sintering, and the bimetal was subjected to a
quenching + tempering treatment. The microstructure of the
bimetal was analyzed by OM, SEM, EMPA and TEM. The
mechanical properties were characterized by microhardness,
impact and shear tests. The following conclusions can be
summarized:

1. The HCCI showed good bonding with the LCS with no
defects, such as voids, cracks, and unbonded regions,
present in the samples with holding times of at least
20 min. The sample held for 5 min showed uncompacted
structures in the HCCI.
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2. The uphill diffusion phenomenon of C atoms occurred
between the HCCI and LCS, and a diffusion zone was
formed by the interface on the HCCI side. The width of
the diffusion zone remained unchanged with increased
holding times and maintained a value of approximately
37 pm.

3. The impact toughness of the bimetal was significantly
improved compared with that of the HCCI. After quench-
ing treatment, the microhardness of the diffusion zone
improved, and the impact toughness of the bimetal de-
creased. For the tempered samples, the microhardness de-
creased, and the impact toughness increased with
increasing tempering temperature.

4. The different holding times had no obvious influence on
the bonding strength of the samples, which both showed
high values. There was a reduction in the shear strength
of the quenched sample, and it continuously decreased as
the tempering temperature increased.
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