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Abstract: The interface fracture toughness of SnSb11Cu6/20steel was measured by

calculating the critical energy release rate and stress phase angle of the interface crack.
A three-point bending test was used to introduce cracks into the bonding interface, and
the cohesion model of the bonding interface was established through experimental data.
Through finite element analysis of load-deflection curves with and without interface
crack propagation, the crack initiation point is found. Then the energy calculation model
of crack propagation is established, and the critical energy release rate is obtained using
the virtual crack growth criterion. The calculation results of the stress phase angle show
that the crack propagation is greatly affected by the normal stress after the babbitt alloy
layer fractures. If the strength of the substrate material is weaker, the crack will continue
to expand in the tangent perpendicular to the crack tip.
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1 Introduction

Oil-film bearing is widely used in the key equipment of iron and steel, mine,
metallurgy, electric power, and so on, because of its advantages of low friction
coefficient, lower wear rate and high-rigidity ). Among them, babbitt alloy is the main
material of oil-film bearing bushing, and its organizational characteristics determine its
performance. The soft matrix makes the babbitt alloy have very good embeddedness,
compliance and anti-seize, and after grinding, the soft matrix is concave inside and the
hard mass point is convex outside, so that tiny gaps are formed between the sliding
surfaces, which become oil storage space and lubricating oil channel, which is

conducive to reducing friction. The upper convex hard points play a supporting role and



help to bear the load. Based on its excellent organizational properties, it is therefore
widely used in large high-speed or low- to medium-speed heavy-duty equipment and is
recognized as the material of choice for bushings and shingles in support bearings.
Among them, SnSb11Cu6 is one of the commonly-used material types.

As the core load-carrying component of many kinds of key equipment, the interface
bonding performance of its babbitt layer and steel body is vital to the stable operation of
devices 1. Due to the difference in the mechanical properties of the metals on both sides
of the bonding interface, under uneven temperature and unstable external loads, a strong
residual stress field is likely to be generated at the bearing bonding interface end, which
will adversely affect the bonding performance of the interface. In the traditional
production process, the bearing bush is formed on the steel substrate through a
centrifugal casting process. Therefore, this production process can have obvious defects,
such as severe segregation of the babbitt alloy during the centrifugal casting process,
resulting in reduced bond strength between the alloy and the substrate, and easy spalling
of the alloy on the substrate under alternating and impact loads. However, the new
welding process basically avoids the above-mentioned defect problems, and its bonding
interface strength is greatly improved compared with the centrifugal casting process. As
the combination of babbitt alloy and steel substrate belongs to the new composite plate
material formed by the combination of foreign materials, based on its special process of
welding and forming, it is necessary to study the bonding strength of its interface.

In the process of engineering applications, cracks usually tend to form at the
localized high interface stress concentration of the bonding material, and these stress
concentrations are mostly caused by discontinuities in the geometric structure or
material at the interface. The overall strength of the bi-material structure bound by the
bonding surfaces is determined by the fracture toughness of the interface. The initiation
of cracks on the bonding surface can significantly weaken the interfacial strength of the
bi-material and its load-bearing capacity, and can therefore lead to the monolithic
destruction of the structure in question. Interface cracks can either extend on the

bonding surface or extend to one of the base materials, but the two possibilities



ultimately depend on the strength of the interface and external load conditions™.
Therefore, in order to design the compositional structure of a composite material, it is
first necessary to master the fracture mechanics theory of the interface. In industrial and
engineering applications, structures composed of bi-materials are very common. In the
production process of bi-material components, due to more or less defects in the
interface, this may cause local cracks at the interface during the service life of the
component. Normally, the fracture of the bi-material interface is under mixed-mode
loading conditions. In addition, due to the asymmetry of the mechanical properties of
the materials on both sides of the interface, cracking is likely to extend to the base
material of one of them at higher interface strength®™>”",

In the past, many researchers proposed several fracture criteria for predicting the
crack initiation conditions of bonded materials and homogeneous materials with defects.
In addition, the related research results show that the fracture criterion is roughly
divided into two basic standards: energy-based criteria and stress-based criterial®',
Some useful insights about sharp and blunt stress concentrators were put forward by
Berto and Lazzarin "> ), Based on the computational understanding of the energy
release rate G, He and Hutchinson®proposed a bi-material bonding interface fracture
criterion. They also pointed out that the interfacial cracks of bimaterials tend to
propagate in the direction of maximum energy release rate, and the size of the kink
angle depends on the fracture toughness of the interface!'*. Parameters such as G
(“fracture energy” or “strain energy release rate”’) and K (“stress intensity factor”) are
often determined and presented in connection to fracture mechanics studies ', Griffith
hypothesizes that a material will fracture when it releases enough mechanical energy,
and that the remaining energy is used to form a new crack surface as the crack
propagates!'®). The deformation and cracking of the object itself will store elastic or
other potential energy, and the released energy all comes from here, and in theory, it is
possible to perform energy calculations for any type of material. Therefore, the energy
required for crack propagation per unit area is usually taken as the toughness of the

material or the critical energy release rate of the crack(denoted G, unit J/m?).



Fracture toughness tests have been widely used to investigate ceramics,
composites, glass-ionomers, as well as enamel and dentin—composite adhesive

7181 However, there is less literature on the fracture toughness of babbitt alloy

interfaces !
and steel substrate of oil-film bearing bushing at home and abroad. Therefore, it is
necessary to conduct an in-depth analysis of the fracture toughness of babbitt and steel
body. However, the experimental method used in this paper to study the fracture
toughness of the interface is three-point bending, and since it leads to the form of
damage at the bonded interface as a result of the combined action of normal and shear
stresses, this form of damage is more composite to the actual situation compared to
other experimental methods. In this study, with Sn-based Babbitt alloy SnSb11Cu6 and
20steel bimetallic composite plate as the research object, the simulation analysis, with
or without crack propagation of interface , was done using Three-point bending (3PB)
test method. By comparing the results of finite element simulation with and without
crack propagation (load vs deflection curve) at the interface in order to obtain the
critical load value for interface fracture. At the same time, combined with the virtual
crack propagation theory and the established fracture mechanics model, the critical
energy release rate for interface crack initiation was calculated. The finite element
simulation results were basically consistent with the experimental results. Therefore, the

experimental methods and theoretical models used in the assessment of the fracture

toughness of the Babbitt alloy/steel body interface are reliable.

2 Experimental process

The 3PB experiment is performed to deduce the crack formation process at the
SnSb11Cu6/20steel bonding interface, and to study the fracture toughness of the
bonding interface, so as to evaluate the bonding performance of Babbitt alloy
SnSb11Cu6 /20steel. Based on the above research content, this paper proposed a
controllable crack formation method, and used an appropriate mechanical model to
calculate the energy release rate of the interface crack and the stress phase angle at the

crack tip.



2.1 Material preparation and experimental technology

The experimental materials were Babbitt alloy and 20steel, which were the oil-film
bearing bushing materials. Babbitt alloy layer forming differs from the conventional
casting process. Instead, it uses a new type of forming process called 'Cold Metal
Transfer' (CMT) welding, which is a new welding process. The current new welding
process CMT compared to the traditional welding process 'Metal insert-gas' (MIG)
welding and 'Metal active-gas' (MAG) welding, it has low heat input in the welding
process, small deformation of base material, no spattering of molten drops of welding
wire, uniform and consistent weld seam, high welding speed and low running costs etc.
advantages. Thus, the strength and life of the bonding interface can be improved and the
production cost of the company can be reduced. The babbitt alloy material composition
is shown in Table 1. In the 3PB experimental method employed, the SnSb11Cu6 layer is
mainly subjected to non-uniform tensile stresses, while the 20Steel layer is mainly
subjected to normal direct acting loads. The sample size is: SnSb11Cu6 layer:
192mmx*25mmx5Smm; 20Steel: 192mmx25mmx10mm. The sample size is shown in
Figure 1 (a), a total of 4 samples were prepared, and the model of 3PB tests is shown in

Figure 1(b).
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Figure 1 (a) Dimensions of tensile specimen , (b)Schematic diagram of 3PB, and (c) Electronic universal
testing machine

Table 1 Babbitt alloy material composition

Chemical composition (%)

SnSb11Cu B
Sn Pb Sb Cu Fe As Bi Zn Al Cd

balance  0.35 10.0~12.0 5.5~6.5 0.08 0.05 0.05 0.005 0.005 0.05

The 3PB test was completed on the microcomputer-controlled electronic universal
testing machine WDW-E100D. Among them, the radius of the indenter applying the
load was 12mm, which was located in the middle above the steel plate. The two
supporting cylinders were located under the SnSb11Cu6 layer with a distance of 70mm
(as shown in Figure 1©). The indenter applied a load to the 20steel layers at a speed of
Imm/min. During the bending process of the composite board, a high-definition camera
was used to continuously photograph the fracture process of the bonding interface and
the SnSb11Cu6 layer. After the SnSb11Cu6 layer is completely broken, we define the
deflection of the sample at this time as the maximum value, and stop loading, at this
time the crack has stopped growing. The length of the fractured interface was measured

with a VHX-2000C metallurgical microscope, as shown in Figure 2.
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Figure 2 Measuring the length of the fracture
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2.2Fracture mechanics model

The energy release rate (G,,) is the rate at which the strain energy released during crack
propagation changes relative to the crack area expansion. Therefore, it can be used to
determine the interface binding energy of Babbitt alloy/steel substrate. Calculate the

energy required for the crack propagation unit surface area, the expression is as follows

[19].

a4 (1)
where M is the surface area of the crack propagation, Allis the potential energy
released by the system when the crack propagates. The potential energy includes the
energy ,U ,consumed by the deformation of the SnSb11Cu6/20 steel system and the

work done by the external force F. The expression is as follows:

[=u-F (2)

Since the indenter applies a constant displacement load, there is no extra work on
the crack propagation from the outside, so F=0, Then, 'I"t Therefore, (1) formula can

be expressed as:

AL

G, =——"

Ad (3)



From the perspective of actual bonding, the energy consumption , U, used to
separate the interface in an elastoplastic system consists of the elastic energy ,Ue ,and
the energy dissipated by plastic deformation, Up ,*°!. Therefore,

AU +AU,

G =-
¥ (4)

The phase angle represents the relative strength of the normal stress and the shear
stress at the crack tip, and is a supplementary parameter that characterizes the bonding
strength. In general, Gci changes with the phase angle. In the two-dimensional plane
problem, the phase angle is expressed as *'':

Y —arclan[ Gz |
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(5)

3 Experimental results and discussion

During the 3PB test, the electronic universal testing machine recorded the change in the
indenter load and the deflection of the sample center over time, and plotted the load-
deflection curve. The curve depicts the four stages from instability to failure of the
SnSb11Cu6/20 steel system. The cracks mainly initiate and propagate in the latter two
stages, which are the initial elastic deformation stage, plastic deformation stage
(interface crack initiation), crack initiation and propagation stage of the composite layer,

the final stage of the fusion of composite layer cracks and interface cracks.

This process is shown by the load-deflection curve, As shown in Figure 3. The
deflection curve is a linear region with a small distance before point A. However, plastic
deformation occurs between point A and point B, where point A is the yield point of the
system. In addition, since the strength of the bonding interface of the SnSb11Cu6/20
steel system is far less than that of Babbitt alloy, the initiation of interface cracks occurs
before the fracture of the Babbitt alloy, i.e., in the AB section of the curve. Between
point B and point C is the comprehensive stage of plastic deformation of the system and

crack propagation at the bond interface. After observation, point B is the initiation time



of the surface crack of the babbitt alloy. Point C is the moment when the babbitt alloy
layer crack and the interface crack merge to form the main crack. The picture inserted in
Figure3 corresponds to the interface crack state at the point of maximum load. After
point C is the large deformation failure stage of the steel substrate, which will not be

repeated here.

40 4

Composite elastic stage Babbitt alloy layer fracture stage

F---l

20

Deflection(mm)

Figure 3 The load vs deflection curve of the 3PB test (NO.1 sample). the illustration shows
the fracture interface corresponding to the maximum deflection of the specimen

3.1 Fracture mechanism

During the bending process of the specimen, the steel substrate layer transferred the
load applied by the indenter to the babbitt alloy layer through the bonding interface. The
babbitt alloy layer would generate larger tensile stress, and at the same time, the
bonding interface would generate shear stress. Under the continuous action of external
load, the specimen would undergo elastoplastic deformation. Therefore, the system
would continuously accumulate the strain energy generated by deformation. When the
strain energy accumulated to the limit that the system can withstand, it would find the
weakest part of the system to release energy. Since the weakest part of the
SnSb11Cu6/20 steel system was at the bonding interface, the strain energy was released

at the bonding interface. The crack nucleation place was naturally the junction interface.



However, there were two paths for the crack to continue to expand. The first was to
expand to the base layer; the second was to expand along the bonding interface. Since
the energy consumed by the expansion along the interface was less than that along the
base layer, cracks tend to expand along the path that consumes less energy, that is, the
bonding interface. As the bending process continued, the energy of the system continued
to rise. At this time, the relatively weak composite layer also began to crack initiation
and expanded along the direction perpendicular to the interface, and finally merged with

the interface crack to form a main crack. The crack initiation process is shown in the

figure 4.
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(d) Babbitt layer fracture

Figure 4 Interface crack initiation process

In the process of specimen bending, although there is a fracture phenomenon of the
bonding interface, the occurrence of this phenomenon will lead to a sudden increase in
the deflection of the specimen and a sudden decrease in the load. As a matter of
common sense, this phenomenon is directly reflected drop phenomenon on the curve!®.
However, due to the sensitivity limitation of the experimental machine, the moment
when the interface crack occurs is not directly reflected on the load-deflection curve. In
the AB section of the curve in Figure 3, it can be seen that as the deflection of the center
of the curve increases, the load slowly rises. Therefore, it is difficult to determine the
critical load of interface crack initiation directly on the curve. In order to determine the
critical load value of crack initiation at the bonding interface of SnSb11Cu6/20 steel
during specimen bending, in the following research work, the experimental results and
FEA will be combined to finally determine the critical load value.

3.2 Calculation of fracture toughness of bonding interface

Because of the particularity of the research object, it is difficult to precisely control the
required length of interfacial crack propagation. so, the critical energy release rate and
the phase angle of the crack tip is calculated by using the elastic mechanics method is
more difficult under the elastic-plastic condition. Therefore, the FEA method is used to
calculate the fracture mechanics model of this study. The load-deflection curve in Figure
3 shows the nonlinear characteristics of the AB section, which is mainly caused by the

combined effect of the plastic behavior of the SnSb11Cu6/20 steel substrate material



and the interface cracks. This paper uses FEA to analyze the elastoplastic behavior of
SnSb11Cu6/20steel system and calculates the fracture toughness of the interface.

The FEA software used in this paper is ABAQUS, and it has successfully calculated
the energy release rate of the crack at the bonding interface by using its strong nonlinear
analysis and calculation capability®”. The element type of the finite element model is
hexahedral C3D8R, the middle bonding layer of SnSb11Cu6/20 steel is cohesive
elements, and the element type is COH3DS8. Among them, the indenter that applies the
load and the two supporting cylinders are defined as analytical steel bodies, as shown in
Figure 5(a). In order to improve the accuracy of calculations, the composite plate adopts
a progressive meshing method, partial subdivision of cohesive cells with a grid size of
0.5mm. and the rest are symmetrically distributed, the unit size is Imm and 2mm
respectively (Figure5(b)). According to the length of the crack, a cohesive layer is only
established in the finite-length bonding surface of the model (Figure5(c)). The red
marking line in Figure 5(a) is the position where the cohesive element is embedded. At
the same time, a similar cohesion model has to be established in the babbitt layer in
order for the babbitt layer to fracture as well, so that the crack extends in the direction of
the perpendicular bonding interface and from the bottom surface of the babbitt alloy to
the bonding surface. The establishment method and the selection of the damage criterion
are consistent with the cohesion model of the bonding interface, which is not repeated

here, and the schematic diagram of the cohesion model is shown in Figure 6.

h) (e)

Figure 5 (a) FEA model, (b) Progressive mesh refinement , and (c) Cohesion element mesh
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Figure 6 Schematic diagram of the location of the cohesion elements

After the finite element model has been established, the damage law needs to be
defined for the cohesive element at the bonding interface and the SnSb11Cu6 layer. The
common initial damage criteria for cohesive elements in ABAQUS are Quade Damage,
Quads Damage, Maxe Damage, Maxs Damage, etc. in Damage for traction separation

laws. In the research method of this paper, the Quads Damage initial damage criterion is

chosen. Its corresponding damage determination formula is expressed as

et
e,

@l+ ‘r-—?'1:+ f—:'l:?I
oo e ] (6)

Where, , , , represent the maximum nominal stress for pure type I, pure type II or

n syttt

pure type III damage, respectively. The damage starts when the sum of the squares of
the nominal stress ratios in each direction is equal to 1.

After selecting the initial damage criterion, it is necessary to define 'Damage
Evolution' for the cohesion model, which is designed to control the degradation of the
elements by determining the way of stiffness degradation after they reach the strength
limit. In this paper, we choose the damage evolution law based on ' Displacement ',

which is defined as ' Displacement at Failure ' to realize the degradation of the elements.



Firstly, under the condition of interfacial crack propagation, the elastoplastic state
of SnSb11Cu6/20 steel system with crack propagation in the bending process was
studied by using finite element method to simulate the bending process of the sample.
The input parameters of the model include the mechanical properties of the composite
layer, the substrate layer and the bonding interface. The elastoplastic mechanical
properties of two different materials need to be obtained by standard tensile
experiments. As for the cohesive element properties of the bonding layer, The interfacial
shear strength is obtained by the bimetallic interface tensile shear test; The normal
failure strength of the interface is obtained through ISO 4386-2-2012: Plain bearings -
Metallic multilayer plain bearings - Part 2: Destructive testing of bond for bearing metal
layer thicknesses greater than or equal to 2 mm._The relevant mechanical properties of

the material and bonding interface are shown in Table 2.

Table 2 Mechanical properties of materials and bonding interface

Shear Normal

Y , Tensile Shear ultimate ultimate
oung’s
5 Poisson’  Tensile yield  ultimate ultimate strength of strength of

Materials  modulus . . .
sratio  strength/MPa strength strength bonding bonding

/x10°MPa . .
/MPa /MPa interface/  interface/
MPa MPa
SnSb11Cu6 48 0.285 66 88 55 0 %6
20steel 213 0.282 245 410 —

Then, the load-deflection curve of the model can be output in the simulation results.
The load-deflection curve shown in Figure 7 is the simulation result of one of the four
specimens. Due to the microscopic defects of the material itself and the real error
between the experimental conditions and the simulated environment, there is a slight
deviation in the agreement between the two curves at key points. However, the two
curves remain consistent in the overall development trend. In the initial stage of the
curve (before the deflection reaches 1.85mm), the SnSb11Cu6/20 steel sample is in the
elastic stage as a whole. When the deflection reaches 1.85mm, the specimen enters the

plastic yield stage. Next, finite element simulation will be carried out on the assumption



that the interface is crack-free to determine the separation point of the two curves,
namely, to determine the load value of interface crack initiation.

In the process of non-interface crack propagation, it is only necessary to always
bind the surfaces of the two materials together so that no crack is generated at the
interface. Though simulating the elastoplastic behavior of the system under the
condition that there is no crack propagation at the interface, the load-deflection curve of
the system is obtained, as shown in Figure 8. Due to the formation of cracks, the
stiffness of the SnSb11Cu6/20 steel system is weakened. Then, during the bending of
the specimen, the load acting on the specimen without interfacial crack formation is
greater than the specimen with interfacial crack initiation. Therefore, the load
corresponding to the separation point of the two curves at the initial stage should be the
critical load for the initiation of interface cracks. However, due to the interference of
objective factors such as experimental error and the simplification of the analysis
model, it is difficult to directly determine the precise separation point of the two curves
and the corresponding critical load value. Therefore, only an approximate critical load
value can be determined by this method, for example, the separation point marked in the
inset of Figure 8 is 1.85mm and the load is 25.5KN. Although the critical load value is
approximate, it does not affect the calculation of the energy release rate of the system

interface crack. The specific reasons will be detailed in the discussion section.
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After the critical load of interface cracking is determined, the debonding process of
specified cracks at the interface is simulated to further study the crack initiation and
propagation process during the bending process of the system. Until the applied load
value reaches the critical load value of the interface fracture, the composite layer and
the substrate layer is always bonded together by the cohesive layer. When the load
reaches the fracture value of the interface, the crack propagation ability of the cohesive
layer is activated. As the sample continues to bend to the specified deflection, the
interface crack will also expand to the corresponding length. Then, the load-deflection
curve and the energy consumed in the bending process are calculated simultaneously.
The equivalent stress cloud diagram of the FEA and calculation results is shown in
Figure 9. The left column shows four typical examples of composite plates intercepted
during bending, while the right column shows the top view of the damage process for
the corresponding example of the interface cohesion model. Because it is a nonlinear
simulation, the crack initiation site is uncontrollable, so, interfacial cracking does not
occur at the maximum flexural part of the joint interface and exhibits left-right
symmetry. However, the destruction process of the system is consistent with the

experimental results.
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Figure 9 Stress cloud diagram from FEA results(NO.1 sample)

During the bending of the specimen, the energy value of the system will continue
to rise with the continuous increase of the external load. When the deflection of the
system reaches the maximum value, the energy value also reaches the maximum, as
shown in Figure 10. It shows the trend of the overall energy of the specimen during the
bending process. In order to assist in calculating the energy release rate of the interface
crack, A virtual crack propagation method was adopted, the interfacial crack was forced
to spontaneously extend over a small length (0.85 mm) after the completion of the
loading **?%, In this spontaneous stage, the released energy is used to generate a new
crack surface. This sudden decrease in energy value can be reflected in the sudden drop
of the curve, as shown in the illustration in Figure 10. Since the interface crack initiation

is near the yield critical point of the system, the point at which the energy value of the



system suddenly drops is set at the interface crack initiation point. When the curve
deflection reaches about 16mm, the babbitt alloy layer is completely broken. Similarly,
the energy value of the system also decreases sharply (this phenomenon can be directly

detected by the experimental instrument.
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Figure 10 The overall energy change of the specimen during the bending process from FEA (NO.1
sample). the illustration shows the energy consumed during spontaneous expansion of interface cracks.

According to the energy released by the system and the change of the crack area,
the energy release rate of the interface can be calculated by formula (3). In most cases,
the resistance to interface crack growth of SnSb11Cu6/20steel system will change with

(U, Therefore, it is also necessary to measure the

the state change of crack tip stress
stress state of the crack tip corresponding to the critical energy release rate. According
to the stress component of the crack tip, the stress phase Angle of the crack tip is
calculated by using formula (5), and then the stress state of the crack tip is described.
Table 3 shows the specific data obtained during the bending experiment of the 4

samples. The calculated average energy release rate is 12.07x10° J/m?* and the stress

phase angle is 29.77°.



Table 3 Mechanical property estimations of SnSb11Cu6/20 steel substrate system from 3PB tests

NO. dP/dw D, D L Ga W

( 10°N/mm ) ( mm ) ( mm ) ( mm ) (10°J/m?) (°)

1 12.21 1.86 20.10 20.7 12.06 29.66

2 12.84 1.84 19.96 19.8 12.09 29.77

3 12.52 1.85 20.03 20.2 12.02 29.86

4 12.86 1.84 19.98 19.9 12.09 29.77
Average 12.61 1.85 20.02 20.15 12.07 29.77

In Table 3, dP/dw is the slope of the load vs displacement curve at the initial elastic stage of the
sample, D, is the critical deflection value corresponding to the crack initiation at the sample
interface, D is the maximum deflection value during the bending process of the specimen. L is

the length of the entire crack at the sample interface. G is the critical energy release rate, ¥is
the stress phase angle at the crack tip.

The slopes of the curves of the 4 specimens at the initial stage of the bending
process are calculated, as shown in Table 3. Among them, D, is the data obtained by

comparing the curve under the condition of FEA with or without crack growth. G and

"W are obtained with the help of finite element calculation results and combining

formulas (3) and (5).

3.3 Discussion
The mechanical analysis of the SnSb11Cu6/20steel model requires the length of crack
propagation, the load corresponding to the maximum deflection of the sample, the
critical load corresponding to the initiation of interface cracks, and the mechanical
properties of the composite layer and the substrate layer. Whether the above parameters
can be accurately measured will affect the calculation of interface fracture toughness.
Therefore, it may be more difficult to determine the precise critical load. However,
whether the error of this parameter will have a great influence on the calculation result,
it will be discussed next.

In this paper, by comparing the load-deflection curves obtained by finite element
simulations assuming no interface crack growth and that with interface crack growth

under the same conditions, the approximate critical load for interface crack initiation is



determined. According to fracture mechanics!"”, when the driving force of crack
propagation is equal to the resistance of the crack, the critical energy release rate is
determined by the transition of the crack from a steady state to an unstable state, and has
nothing to do with the fracture process **%. Taking the first sample in Table 3 as an
example, the energy release rate was calculated for different critical load values, varying
from 1 to 9 mm (45% of the maximum deflection of 20 mm). As shown in Table 4, the
impact on the calculated energy release rate is only 0.08%. Since the precise critical
load has little effect on the energy release rate, the effect of errors related to the precise
critical load can be ignored.

In the FEA, characterized by the maximum crack length and central deflection, the
change of the critical load has a small effect on the energy release rate of the crack in a
fixed transition state. In fact, many analytical problems about the energy release rate
during interface cracking have been studied through approximate models, for example,
the well-known bubble test method #’2*], which simplifies the cracking process of a flat
plate with a fixed length during bending. Therefore, for convenience, it can be assumed
that in the 3PB experiment, the beginning of crack initiation is the beginning of bending
without losing the accuracy of the energy release rate. In addition, because the crack
growth will be unstable under high external load rates, high-speed loading should be
avoided during the loading process 7,

Table 4 Energy release rates with respect to different critical central deflections
Do(mm) 1 3 5 7 9
G.i(Jx10°/m?) 12.05 12.08 12.07 12.06 12.08

The fracture toughness analysis of the interface requires a controllable interface
cracking mode. In the 3PB test of this paper, the fracture toughness of the interface is
far less than that of the composite layer babbitt alloy, so the crack initiation is the first at
the interface. And due to the difference in the mechanical properties of the materials on
both sides of the interface, the bonding interface is subject to great shear stress. Under

the continuous load of the indenter, the interface cracks continue to expand until the



external load stops acting. Similar cracking phenomenon was also observed in other
bending tests. However, the cracking configuration may not always be the case.
According to the crack propagation mechanism, the crack is more likely to grow
along the path that consumes less energy, and the mechanical properties of
SnSb11Cu6/20steel system can affect the interface cracking mode. The cracks in the
composite layer will propagate in the direction perpendicular to the interface until it
blends with the interface cracks. At this time, the interface constraints are completely
dissipated. Therefore, the composite layer with higher fracture toughness and the path
with lower resistance are more conducive to the continuous crack propagation along the
interface. In addition, the stress state at the crack tip will change with the crack
propagation, which will also affect the crack path. Although the propagation path of the
crack is uncertain, this property limits its application in many experiments. However,
the 3PB experiment method used in this research has the advantages of simple

operation, short test time, and a reliable fracture model.

4. Conclusion

(1) Based on the combination of 3PB experiment and FEA, as well as virtual crack
propagation method, the fracture toughness of the bonding interface of oil-film bearing
bushing material SnSb11Cu6/20 steel (made by welding technology) has been measured
successfully. By comparing the load-deflection curve of finite element simulation with
and without interface crack propagation, the approximate deflection value and load
value of interface crack initiation are determined, which are 1.85mm and load 25.5KN
respectively. At the same time, the critical energy release rate of interface cracks is
12.07kJ/m?,

(2) In order to determine the influence of the accuracy of critical load on the energy
release rate of interface crack, five groups of critical deflection values (within 45% of
the maximum deflection value) are set. It is calculated that the impact of the critical load
value on the energy release rate is only 0.08%, Therefore, the accuracy of the critical

load value has a negligible effect on the energy release rate of the crack.



(3) This paper also characterizes the stress state of the interface crack tip by calculating
the stress phase angle. The calculated average stress phase angle is 29.77°, indicating
that when the crack expands to a certain length under bending conditions, the relative
strength of the shear stress that promotes the interface cracking is weaker than normal
stress, which also implies that when the composite layer is completely fractured, normal

stress is the main reason that drives the continued propagation of interfacial cracks.
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