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1 Introduction
Metallic laminated composites are increasingly 
employed as engineering materials for their unique 
physical and mechanical properties [1-4]. This is a kind 
of laminated material produced by the metallurgical 
combinations of two or more dissimilar metals through 
special processes. Based on maintaining the original 
properties, the comprehensive performances are 
greatly improved [5-8]. Because of their excellent wear 
resistance, high thermal conductivity, and high strength, 
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Microstructural characteristics and mechanical 
properties of bronze/steel bimetallic laminated 
composite prepared by protective atmosphere 
casting process

bronze/steel bimetallic laminated composites are 
widely used in various mechanical equipment [9, 10]. 

Lead bronze is a kind of wear-resistant copper 
alloy. It not only has great thermal conductivity, 
good fatigue resistance, high wear resistance, and 
great anti-seizure properties, but also is insensitive to 
crack under impact loads [11]. The layered bimetallic 
composite prepared with steel as the basal layer and 
high-lead bronze as the composite layer has excellent 
properties, so it can be used to manufacture hydraulic 
components to effectively improve performance and 
service life [12-14].

The powder metallurgy process is commonly 
employed to prepare the bronze/steel bimetallic 
laminated composites [15-18], but the complex process 
and long production cycle lead to high cost which limits 
its application [19, 20]. Besides, some researchers have 
also prepared copper/steel composites by the diffusion 
composite method [21, 22]. However, the long heat 
preservation time at high temperature can easily lead 
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Fig. 1: Sketch of assembled specimens (unit: mm)

to a massive loss of Pb element when high-lead copper alloys 
are used. In addition, the usage of direct casting methods to 
prepare high-lead bronze/steel composites easily leads to the 
segregation of Pb element.

The protective atmosphere casting process is a liquid-
solid composite process based on the direct casting method. 
This process can effectively realize the preparation of 
bimetallic composite materials under the conditions of 
lower holding temperature and shorter holding time. In this 
study, lead bronze/45 steel bimetallic laminated composites 
were prepared by the protective atmosphere casting process 
under nitrogen protection. The distribution and diffusion 
state of chemical elements at the bronze/steel interface 
were studied by observing the interface morphology and 

the mechanical properties were tested by tensile, shear, and 
hardness experiments. Moreover, the bonding mechanism 
of the bimetallic interface was also discussed. The research 
will provide a theoretical basis for the preparation of lead 
bronze/45 steel bimetallic composites with a solid bonding 
interface and excellent mechanical properties.

2 Experimental procedures
2.1 Materials and processes
The materials used in the experiments include CuPb15Sn7 
lead bronze and 45 steel. The chemical compositions of the 
lead bronze are listed in Table 1.

Table 1: Chemical compositions of CuPb15Sn7

Element Cu Sn Pb Ni Zn P Fe Others

Content (wt.%) 75.96 7.27 15.50 1.78 <2.0 <0.1 <0.2 <1.0

The specimen of 45 steel was machined into a cylinder of 
Φ42 mm×45 mm with a groove of Φ32 mm×7 mm. The specimen 
of lead bronze was machined into a cylinder of Φ30 mm×6 mm. 
Each specimen was firstly polished to remove the oxide film 
on the surface, then cleaned by alcohol, acetone, 10% NaOH 
solution, and 3%-5% HCl solution sequentially. Subsequently, 
the specimen of 45 steel was immersed into 80 °C saturated 
borax solution for 5 min to cause the borax to evenly adhere to 
the groove wall. Finally, the bronze specimen was placed into 
the groove of steel, and the two specimens were assembled, as 
shown in Fig. 1.

The protective atmosphere casting experiments were carried 
out for these assembled specimens in the SG-XQL1400 
protective atmosphere furnace with high purity nitrogen. The 
specimens were charged into the furnace when the temperature 
reached 900 °C with the heating speed of 10 °C·s-1, and 
continued to heat to 1,020 °C and held for 5 min, which could 
keep 45 steel in a solid state, while lead bronze was just 
heated into a liquid state. Then the specimens were taken out 
and cooled rapidly by blowing nitrogen, and the bronze/steel 
bimetallic laminated billets were prepared.

2.2 Testing methods
The microstructures and the fracture morphology of tensile 
and shear specimens of the lead bronze/45 steel composites 
were observed by a NOVA NanoSEM 230 scanning electron 
microscope (SEM). The types and distribution of alloy 
elements were analyzed qualitatively in the micro-area. The 
content of the Pb element in the lead bronze was quantitatively 
measured by iCAP7600 spectrometer (ICP) before and after 
the experiments. The phase fraction at the bonding interface 
was analyzed by D8 ADVANCE Da Vinci multi-function 
X-ray diffractometer (XRD). The particle size of Pb element 
was measured and calculated by scoring method.

To study the mechanical properties of the bimetallic 
composites, tensile and shear specimens were machined by 
linear cutting machine. The bronze/steel bimetallic composite 
was prepared three times. Two tensile specimens and two shear 
specimens were taken from each prepared sample. The special 
fixtures were designed and produced for the tensile and shear 
tests, as shown in Fig. 2. The tensile and shear tests were carried 
out on the SANS CMT5305 universal material testing machine 
with the tensile and shear rate of 1 mm·min-1. The hardness 
was measured by HVS-30P micro-hardness tester under the 
conditions of test load, 50 N, and holding pressure time, 10 s.

3 Results and discussion
3.1 Microstructure features at interface
The microstructure at the bonding interface is shown in Fig. 3. 
It can be seen that a transition curve at the interface is relatively 
smooth and no obvious transition zone exists.

According to Ref. [19], when the bimetallic composite was 
prepared by diffusion composite method, higher preservation 
temperature and longer preservation time promoted further 
diffusion of alloying elements at the interface, then a transition 
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Fig. 2: Schematic diagram of tensile and shear specimens and fixtures: (a) tensile testing; (b) shear testing (unit: mm)

zone was formed. It was also pointed out that the transition 
zone would affect the bonding properties of composites, and 
brittle fracture was prone to be formed at the bonding interface. 
In this study, the formation of the transition zone is effectively 
avoided, and the microstructure and properties of the bonding 
interface are improved by using a low preservation temperature 
and a short preservation time. There are some dentate gaps and 
pits morphology on the surface of the 45 steel substrate, which 
is filled with lead bronze. The dentate gaps and pits morphology 
formed in the process of machining and surface treatment can 
increase the contact area at the bonding interface, and then reduce 
the relative slip and improve the bonding strength of the bimetallic 
composite.

3.2 Pb element distribution in bronze region
Pb element could increase the wear resistance of lead bronze. 
It's very important to control the particle size, distribution 
state, and content of Pb element. The distribution of Pb 
element in the bronze region after casting is shown in Fig. 4. 
Cu element precipitates in the form of dendrites, and the Pb 

element fills the space between the dendrites and presents as 
granular distribution during the cooling process. The overall 
distribution of Pb particles is relatively uniform, the particle 
size is mainly in the range of 1-20 μm, the average particle 
size is about 5.52 μm, but the average size of Pb particles 
before casting is 1-5 μm. This is because the Pb particles 
move faster and faster during the heat process, which 
causes the particles to rearrange, aggregate, and grow up 
correspondingly. When the heating and holding temperature 
reaches the melting point of lead bronze, the alloy will 
quickly melt into a liquid, and the Pb particles will be larger.

The results of inductively coupled plasma (ICP) analysis 
show that Pb content is 15.5% in the original specimen and 
15.1% after casting, so the element content only is decreased 
by 0.4% in weight. The melting point of Pb is only 327 °C, 
which is much lower than that of bronze. After the bronze is 
melted and at the heat preservation stage, some Pb particles 
are easily vaporized and the Pb content decreases [18], which 
will deteriorate the wear resistance of composites. Thus, a 

Fig. 3: Microstructure of bonding interface of 
            bronze/steel composite

Fig. 4: Microstructure of bronze side of bronze/steel 
composite

(a)

(b)
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lower preservation temperature and shorter preservation time 
are essential to avoid the vaporization loss of Pb.

3.3 Alloy elements distribution at interface
The diffusion behaviors of alloy elements at the bonding 
interface play an important role in the bonding state and 
interface strength of bimetallic composites. The bonding 
strength of the interface improves with the increasing of 
the alloy diffusion distance [24, 25]. Figure 5 shows the results 
of element distribution and diffusion near the bronze/steel 
bonding interface. Figure 5(a) shows the EDS plane scanning 
results of the area of Fig. 5(b). Under high temperature and 
isobaric conditions, the difference of chemical potential 
gradient on both sides near the interface will drive atoms to 
exchange and diffuse to each other side during the heating and 
preservation stage. Meanwhile, Zhou et al. [26] also pointed 
out that in the liquid-solid bonding process of bimetallic 
composite, when the temperature is heated to 0.5-0.75 times 
solid matrix's melting point, the diffusion coefficient along the 
grain boundary is about 105 times the intracrystalline diffusion 
coefficient. This shows that the diffusion of alloy elements in 
the copper alloy along the grain boundary is easier than the 
diffusion among the grains at a heat preservation temperature 
of about 1,000 °C for the steel matrix containing many grain 
boundary defects. As a result, Sn and Ni elements in lead 
bronze are more easily diffused along the grain boundary of 45 
steel, which leads to an increase in the content of Sn and Ni on 
the steel side. Since the Pb element is insoluble in the bronze, 
it is more likely to aggregate and grow up, then accumulate 
among the grains during heating and holding, so the diffusion 
of Pb into the steel side is not obvious.

The EDS results of yellow line in Fig. 5(b) are illustrated in 
Fig. 5(c). The results indicate that the content of each element 
changes significantly at the bonding interface from the steel 
side to the bronze side. Fe element changes from enrichment 
to depletion; incontrast, the content of Cu increases rapidly 
and then remains stable. Pb, Sn, Ni, and other elements in the 
bronze side can still maintain a certain content after crossing 
the bonding interface, which demonstrates that the elements 
can diffuse through the bonding interface during the protective 
atmosphere casting process. 

The XRD results of the bonding interface are illustrated 
in Fig. 6. It can be seen that the Fe and Cu elements near the 
interface still form Fe-based solid solutions, such as FeCu4, 
and the remaining peaks are Fe and Cu, respectively, although 
the heat preservation time is relatively short. When Fe and Cu 
exist at the same time, the peak strength of FeCu4 is lower, 
so it can be inferred that the FeCu4 content at the interface is 
less. This also demonstrates that the protective atmosphere 
casting process generates fewer intermetallic compounds at the 
interface, which is effective in ensuring the structure property 
of the bonding interface.

3.4 Tensile strength and fracture morphology
The tensile testing results show that the average tensile strength 
of the composite is about 204.0 MPa, as illustrated in Fig. 7. 

Fig. 5: Element distribution of bronze/steel bonding interface

Fig. 6: XRD result at bonding interface

The morphology of the macro fracture and microstructures of 
the tensile specimen are shown in Fig. 8.

According to the fracture morphology as shown in Fig. 8(a), 
it can be known that the crack does not spread smoothly along 
the bonding interface after the sample cracks near the interface, 
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Fig. 8: Macro fracture and microstructure morphology of tensile specimen: (a) macro morphology; (b) microstructure 
of fracture surface; (c) magnified view of Area 1; (d) elements distribution on Area 1

Fig. 7: Tensile stress-strain curves

and gullies. The EDS elements distribution scanning was 
performed on the Area 1 and its surroundings, with the result 
as shown in Fig. 8(d). The results indicate that the flat area of 
the fracture surface is mainly Pb element, and the surroundings 
are mainly Cu, Sn, and Ni elements.

The tensile fracture mechanism of the bronze/steel bimetallic 
composites is as follows. Although no obvious transition zone 
forms at the bonding interface during the protective atmosphere 
casting process, a small amount of Cu element diffuses into the 
45 steel. The Cu element does not form carbides or impurity 
oxides with C, O, Mn, or other elements in the steel, but 
dissolves in ferrite or austenite solid solution in an atomic 
state. In the cooling stage, a small and dispersed ε-Cu phase is 
precipitated, which greatly improves the stability and strength 
of the 45 steel substrate near the bonding interface [27]. The 

bonding interface strength of this area is greater than that of the 
bronze layer, which results in the fracture mainly occurring at 
the bronze side. 

In the process of crack propagation, due to the low elongation, 
high brittleness, and insolubility in the bronze layer, Pb particles 
are fractured by tensile force, and the cracks easily extend along 
the particle fracture surface or particle edge, then resulting in 
a large number of Pb elements existing on the tensile fracture 
surface. There are a large amount of Cu and Sn elements 
around Pb particles because the substrate structure of lead 
bronze is mainly α-phase Cu-Sn solid solution, which is a kind 
of soft and wear-resistant alloy structure. The Pb particles are 
not dissolved in the matrix structure of the bronze, but are 
distributed in the form of dots in the α-phase dendrite gaps. 
Therefore, the casting bronze layer presents the wear resistance 

20 μm

5 μm 10 μm

(a) (b)

(c) (d)

but extends up to the bronze layer at about 45°, and the fracture 
surface presents the morphology of "higher in the middle and 
lower at the margin" as a whole. There are no large bumps or 
pits on the fracture surface, which indicates that there is no 
obvious element segregation on the bronze side. At the same 
time, the fracture site is far away from the bonding interface 
and all of them are located in the bronze region rather than 
in the 45 steel. It can be seen that most of the fracture areas 
are relatively flat, rather than typical characteristics of ductile 
fracture, as shown in Fig. 8(b). Around the flat area, there are 
many structures with finer size and morphology (Area 1), which 
are observed at high magnification, as shown in Fig. 8(c). The 
morphology of the region is characterized by small dimples 
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Fig. 9: Shear stress-strain curves

structure of mixture of α-phase and Pb particles. The ductile 
fracture will occur and dimple structures will form when the 
crack propagates through the Pb particles. This phenomenon of 
brittle-ductile alternating fracture eventually forms a tortuously 
rising fracture surface, which can avoid the phenomenon of 
peeling of the bronze layer.

3.5 Shear strength and fracture morphology
The shear test results show that the average shear strength of 
the composite is about 211.0 MPa, as shown in Fig. 9. The 
macro morphology of the shear sample and the microstructure 
of different fracture areas are shown in Fig. 10.

The shear fracture of bronze/steel bimetallic composite 
can be divided into two types, as shown in Fig. 10. The first 
fracture mode is the fracture of the bronze side, which is 
also the main fracture mode. It appears as a shear fracture of 
the Pb particle, as shown in Fig. 10(b) at low magnification. 
Under the action of shearing force and squeezing force, the Pb 

particles are broken to appear as a flat fracture surface. These 
surfaces are connected in large numbers to show a large area 
of flat fracture. There is a relatively fine-sized tissue area [Area 
1 in Fig. 10(b)] near the fracture surface of Pb particles, which 
is observed at high magnification, as shown in Fig. 10(c). It 

Fig. 10: Morphology of shear sample and microstructure of shear specimen fracture surface: (a) macro morphology; 
(b) fracture mode morphology of Pb particles; (c) magnified view of Area 1 in (b); (d) close to the bonding 
interface fracture mode morphology; (e) element distribution in (d)
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Fe          29.98
Cu          58.05
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Fig. 11: Micromorphology (a) and hardness distribution curve (b) of hardness test point near copper-steel interface

can be found that this area is characterized by a fine reticular 
or a parabolic dimple. The results of element analysis show 
that the distribution of elements in this area is similar to that 
in Fig. 8(d), and the main elements are Cu and Sn. That is to 
say, the fracture surface of the shear specimen is characterized 
by the fracture of Pb particles and the ductile fracture of 
the surrounding Cu-Sn solid solution structure, which also 
confirms the fracture analysis results of tensile fracture 
specimens.

Figure 10(d) shows the second fracture mode of shear fracture 
specimen. Under the action of shear stress, the bronze on the 
surface of 45 steel is plastically deformed and torn off, forming 
tearing prismatic morphology rather than massive fracture 
of Pb particles. Figure 10(e) shows the element distribution 
corresponding to Fig. 10(d). The fractures are mainly Cu and Fe 
elements, and the element content ratio is about 2:1. Therefore, 
it can be inferred that this fracture mode mainly occurs close to 
the bronze/steel bonding interface. Combined with the above 
analysis of tensile fracture, because Cu is the main element at 
the fracture, there is no peeling separation at the steel-copper 
bonding interface, so the shear strength of the bronze/steel 
interface exceeds that of bronze.

Therefore, it can be inferred that the interfacial bonding 
strength of lead bronze/45 steel composite prepared by the 
protective atmosphere casting process is greater than that of 
bronze, and all of the fractures of the tensile/shear specimens 
appear on the bronze side. The fracture mode in the bronze side 
shows a combination of "brittle fracture + ductile fracture". 
During the tensile/shear fracture process, when the fracture 
crack extends to the Pb particles distributed in the bronze, 
the shear force will cause the Pb particles to fracture, and the 
cracks will easily extend along the particle fracture surface 

to form a flat morphology and brittle fracture. After passing 
through Pb particles, the soft Cu-Sn solid solution structure 
is contacted, and the microstructure is torn to form a shallow 
network and gully-like dimples morphology, showing the 
morphological characteristics of the Cu-Sn tissue wrapped Pb 
particles.

3.6 Hardness distribution
Micromorphology and hardness distribution of test points 
are shown in Fig. 11. It can be seen that the microhardness 
values are very different between the bronze region and the 
steel region, while the microhardness on the same side of the 
interface fluctuates slightly, except for Point 2 with a hardness 
value of only 45.9 HV. Its micromorphology shows the broken 
state of Pb particles. Compared with Cu element, Pb element 
is softer, so the microhardness in its vicinity is relatively low. 
When the hardness point hits the Pb particle or its nearby 
area, the Pb particle is prone to deform under pressure, and 
the hardness value of this point also decreases accordingly. 
In addition, the interface between the Pb particles and the Cu 
alloy matrix is weak. It is prone to deform and fall off during 
the hardness testing, resulting in a decrease in the hardness 
value of the corresponding area. The hardness of the bronze 
layer determines the wear resistance and service life of the 
bronze/steel composite. The original hardness of the bronze is 
about 100.0 HV, and the average hardness value of Points 1, 3, 
4, and 5 in the bronze area is about 105.0 HV. This is beceuse 
the Pb element is enriched and grows up during the casting 
process, and no obvious coarse Pb particles. The improvement 
of the hardness of the bronze region can ensure the high wear 
resistance of the bronze region. In general, the bronze region 
can meet the requirements of high wear resistance.

50 μm

(a) (b)

4 Conclusions
In this study, the bronze/steel bimetallic laminated composite 
was prepared by the protective atmosphere casting method. 
The main conclusions are as follows: 

(1) The lead bronze/45 steel bimetallic composite billets 
have no obvious transition zone at the interface. The Pb 
particles in the bronze region are evenly distributed, and 

vaporization of Pb is only 0.4% in weight. Fe, Cu, Sn, Ni, and 
other alloy elements diffuse into both layers at the bonding 
interface. The bronze/steel achieves solid and compact 
metallurgical bonding.

(2) The maximum tensile strength and shear strength are 
204.0 MPa and 211.0 MPa, respectively. The hardness of 
the bronze layer exceeds the original hardness of bronze 
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(100.0 HV). Moreover, the fracture failure occurs at the 
bronze side near the bonding interface. The fracture mode 
is a comprehensive fracture mode with the interaction of 
brittle fracture of Pb particles and ductile fracture of Cu-
Sn solid solution. These characteristics demonstrate the 
prepared bimetallic composite has excellent comprehensive 
performance.
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