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Abstract. Solid phase bonding is an effective method for joining dissimilar metals. Solid phase
bonding is the bonding method without fusing metal matrix. Using this method, clad metal which
is joined with sheet metals is in practice. However, the parameters to achieve stable cold-forge
solid phase bonding in bulk are not well known. To investigate the parameters that affect the solid
phase bonding state, a new test method to evaluate the strength of the bonding interface obtained
by cold forging was developed. Using this method, test pieces bonded with S10C/A1070 and
SUS304/A1070 were made in fluctuating interface bonding parameters (the surface area expansion
ratio, the surface pressure). Although tensile test results showed large variation in joining strength
at low value of bonding parameters, bonding was strong enough to exceed the A1070 base metal
strength at the region of high value of bonding parameters. As it was found that the bonding
parameters were able to measure the effect on joining strength in this experiment, it is considered
that bonding parameters for solid phase bonding can be evaluated by the newly developed test
method.

Introduction

To reduce the weight of automobiles, demand for technology to join dissimilar metals increases
[1]. For instance, high-strength, high-rigidity steel materials and low-density aluminum alloy
materials are tried to join. However, it is difficult to bond dissimilar metals (particularly Fe/Al)
strongly by fusion welding because of the occurrence of thick intermetallic compounds (IMCs),
such as AlsFe, AlsFez, and AlbFe [2]. These IMCs reduce the joining strength of the Fe/Al interface
when the IMC thickness is in the range of 0.5-2um or over [3, 4]. Solid phase bonding is an
effective method for bonding dissimilar metals as thick IMCs are difficult to form. Bonding
methods that utilize plastic deformation [4, 5] are classified into two types. Mechanical bonding
such as lock seam processing [6] and mechanical clinching, a type of caulking joining method [1,
7]. Metallurgical methods that utilize metallic bonding through exposure and close contact with
nascent surfaces caused by plastic deformation [8]. For instance, FSW [9], explosive welding [10],
diffusion bonding [11, 12] and cold-forge solid-phase bonding. In this study, the latter, especially
cold-forge solid-phase bonding was focused on. To bond steel and aluminum, both metals are
deformed at the same time by forging, and the contact surface area of each metal is expanded.
Surface area expansion breaks the brittle [13, 14] oxide layer on the metallic surface and exposes
nascent surface. Pressure is applied to the nascent surface, and bonding is made by bringing it into
contact (Fig. 1 [8]). Since this bonding method does not require external heat input, no or only a
small amount of brittle IMC layer at the bonding interface is generated [12, 15]. Since no heat
input is required, it is environmentally friendly and inexpensive. Clad metal bonded by the same
mechanism is in practice. However, the parameters to achieve stable cold-forge solid phase
bonding in bulk are not well known. Currently, the factors that are considered to affect bonding
(bonding parameters) are the surface area expansion ratio of the base metal [16, 17], the surface
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pressure on the interface [16], and the relative slip amount [16, 18]. The goal is to quantitatively
evaluate the influence of these bonding parameters on forge solid phase bonding. Previous research
has shown that this method can provide a certain degree of bonding strength and relationship
between bonding parameters and joining strength can be suggested to some extent too. However,
it was not possible to make test pieces with a wide range of joining parameters. In addition, it can
not measure joining strength accurately because mechanical clinching was found on the interface
and the bonding interface was not plane. Due to the inadequacy of this methods, it was difficult to
evaluate bondability with a wide range of bonding parameters and it was not possible to evaluate
the strength of the solid phase bonding itself. In this study, to improve the problems, a new evaluate
method to measure joining strength accurately was developed. With this new test method, it is
possible to make test pieces bonded with a wide range of bonding parameters compared with
previous one. Moreover, they are applied tensile load perpendicular to the plane bonding interface.

applying pressure

aluminum g surface area expansion
h 4

o —— T R —
steel ﬁ Solid phase interface
Oxide layer Nascent surface

Fig.1. Image of Cold-Forged Solid Phase Bonding [8].

New Evaluation / Experimental Condition

A newly developed method to evaluate solid phase bonding is shown in Fig. 2. First, the center of
the S10C or the SUS304 cylinders was hollowed out, and the A1070 cylinder was inserted into it.
They were plugged into a rigid restraint die with a hole in the center and a height of 10mm. They
were forged restraining the lower part with a concentric grooved restraining upper die. Solid phase
bonding is expected to be achieved at the red line shown in the Fig. 2. With this forging method,
it is possible to forge aluminum while applying strong back pressure, so to expand the surface area
of steel and aluminum at the same time, which have significantly different yield stresses. As the
lower part of the cylinder was restrained by a die, a sufficient grip section was secured on the
aluminum part in performing the tensile test. Using this method, the affection of bonding
parameters could be investigated. Tensile test pieces can be made with large wide bonding
parameters by changing the thickness of steel (zre), the diameter of aluminum (@dai), and reduction.
In this study, to evaluate the joining strength, the tensile test was performed on test pieces prepared
material combination of SI0C/A1070 and SUS304/A1070. As shown in Fig. 3, tensile test pieces
were cut from the center of forged metal by wire electric discharge machining (WEDM). To
remove the heat effect area caused by WEDM, 0.25 mm of the outer diameter of the test piece was
removed by turning [19]. Notches were added to the steel to hook the jig. Using this processed test
piece, a tensile test was performed.
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Fig. 2. Experimental overview for new evaluation method.
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Fig. 3. Tensile test to measure joining strength.

In hollowing out the center of steel (S10C, SUS304), the end mill was thrust to the bottom of
the steel. The profile curve was measured by using stylus surface roughness measurement (probe
radius is 0.2 um, tip angle is 60°, measurement speed is 0.25 mm/sec) to know the effect of
roughness within a range of £2mm in the radial direction from the center of S10C, SUS304 and
A1070. The profile curve of S10C and SUS304 were shown in Fig. 4. In this result, the center of
steel is about 70 um higher than the location of 2 mm away from the center because the end mill
can not cut the central area. The arithmetic average roughness (S10C, SUS304, A1070) was
calculated. Results are shown in Table 1.

Bottom of steel
Profile curve (S10C) Profile curve (SUS304)
[pm] [um]
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Fig. 4. profile curve of the evaluation interface of Fe side before bonding.
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Table 1. Arithmetic average roughness (Ra) of S10C, SUS304, A1070.

Material Ra [um]
S10C 0.153

SUS304 0.096
A1070 0.112

New Evaluation / FEM Condition

To know the interface condition, bonding parameters (the surface area expansion ratio, the
surface pressure, and the relative slip amount) were calculated using FEM. Finite element
analysis software, DEFORM-2D was used. Conditions and assumptions for analysis were
defined as shown in Table 2. FEM model was Axisymmetric, S10C, SUS304 and A1070 were
regarded as elasto-plastic, die and restraint die were regarded as rigid. The compression speed was
defined to match the one of the actual press machine. Flow stress for each material shown in
Fig. 5 was determined by compression test with repeated lubrication. The friction conditions
shown in Fig. 6 were determined so that the cross section diagram of the contact interface
matched with experimental results. The coulomb friction factor was 0.15 when the surface area
expansion ratio (= II) was less than 2.0, and 0.4 when /7 exceeded 2.0 on the interface of
steel/aluminum. As upper die is a concentric grooved restraining and lower part of cylinder
was completely restrained, other contact conditions were regarded as sticking friction. Thermal
effect was neglected.

Table 2. FEM conditions.

Model Axisymmetric

S10C - SUS304 + A1070 : Elasto-

Deformation )
condition plastic
Die * Restraint Die : Rigid
Materials S10C-A1070, SUS304-A1070

S10C : 206[GPa]
Young’s modulus SUS304 : 197 [GPa]
A1070 : 69[GPa]

S10C : 0.30
Poisson’s ratio SUS304 : 0.30
A1070 : 0.33
Compression speed 0.607 [mm/sec]
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Bonding parameters (the surface area expansion ratio, the surface pressure, and relative slip
amount) were varied by changing the reduction, the diameter of aluminium (@dai), and the
thickness of steel (#re). Fig. 7 shows the calculated bonding parameter distribution along the
S10C/A1070 and SUS304/A1070 interface obtained from the results of FEM under the
conditions of fre=3mm, @dai=10mm. The relationship between reduction and the surface
pressure was shown in Fig. 7(a), (b). The black dashed line in Fig. 7 indicates the location
where the test piece was taken. As reduction increased, the surface pressure increased. In
SUS304/A1070, nearly twice the surface pressure compared with SI0C/A1070 was obtained.
The relationship between reduction and the surface area expansion ratio was shown in Fig.
7(c), (d). The surface area expansion ratio of SUS304/A1070 was small compared to
S10C/A1070. In both metal combinations, the surface pressure and the surface area expansion
ratio were almost constant in the location where the test piece was taken. The relationship
between reduction and the relative slip amount was shown in Fig. 7(e), (f). Although the
relative slip amount increased as the reduction increased, it was considered to be very small in
the radial location of 0-2 mm compared to the relative slip amount in previous research [16,
18]. The cold-forge solid phase bonding of high tensile strength steel and aluminium alloy
sheets by miwada [16], it is shown that approximately 0.1-0.4 mm of the relative slip amount
was observed on the bonding interface. In this study, approximately 0-0.002 mm of the relative
slip amount was observed. Therefore, only the surface area expansion ratio and the surface
pressure were focused on.
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Fig. 7. Distribution of bonding parameters.

The effect of tre and @dai changes on bonding parameters was investigated under the condition of
a reduction of 60%. The relationship between #r. , pdai, and the surface area expansion ratio, the
surface pressure were plotted shown in Fig. 8. The surface area expansion ratio and the surface
pressure were average values in the radial location of 0-2 mm. Fig. 8(a) showed the distribution
for SI0C/A1070, and Fig. 8(b) showed the distribution for SUS304/A1070. The correspondence
of shape on the graph was shown in Table 3. In both metal combinations, as #re was increased, the
surface pressure increased, and the surface area expansion ratio decreased. A similar tendency was
observed when @dal was increased. It was also found that SUS304/A1070 is difficult to vary the
surface area expansion ratio over a wide range compared to S10C/A1070. From the results of Fig.
8, it was suggested that it was possible to adjust the bonding parameters on the interface to some
extent by changing the size of S10C, SUS304 and, A1070. As an example of the way to use, in
S10C/A1070, by comparing a test piece made of tre=4 mm, @da=8 mm with tre=3 mm, @dai=10
mm under the condition of a reduction of 60%, only the effect of surface area expansion ratio on
solid phase bonding could be investigated while keeping the surface pressure at the same level. It
is considered to be valid as a test method to investigate bonding conditions.
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Fig. 8. Relationship between surface area expansion ratio and surface pressure.
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Tensile Test Result

Tensile test pieces bonded with S10C/A1070 and SUS304/A1070 were made under the
conditions of tre=3mm, @dai=10mm. Fig. 9(a), (b) shows the results of tensile tests by the
relationship between reduction and joining strength. The result of the metal combination of
S10C/A1070 is shown in Fig. 9(a) and SUS304/A1070 is shown in Fig. 9(b). Fig. 10(a), (b)
shows the relationship between the surface area expansion ratio (average value in 0-2mm radial
distance) and joining strength. The result of the metal combination of SIOC/A1070 is shown
in Fig. 10(a) and SUS304/A1070 is shown in Fig. 10(b). And Fig. 11(a), (b) shows the
relationship between the surface pressure (average value in 0-2 mm radial distance) and joining
strength. The result of the metal combination of SI0C/A1070 is shown in Fig. 11(a) and
SUS304/A1070 is shown in Fig. 11(b). In Figs. 9, 10, 11, red plots show the results of tensile
test pieces that could be measured joining strength, blue cross marks show them broken in
cutting by WEDM. The surface area expansion ratio and the surface pressure are the average
values on the interface of test pieces. In both metal combinations, as reduction increased, as
the values of bonding parameters were increased, joining strength was increased. Some of the
test pieces with low reduction were scarcely bonded, they were broken by cutting by WEDM
due to residual stress [20]. On the other hand, test pieces forged with high reduction showed
their joining strength about 130 MPa. To investigate the effect of work hardening in forging,
micro Vickers hardness test (load was 0.245, time was 15s) was held as shown in Fig. 12. In
range of 1.5mmx4.0 mm, about 100 points, Vickers hardness was measured and drew the
distribution in three condition (S10C-A1070 reduction 50%, S10C-A1070 reduction 62.5%,
SUS304-A1070 reduction 50%). From the test results in Fig. 13, it was recognized that work
hardening was clearly observed in approximately 0-1 mm downward from the interface
considering A1070 base metal Vickers hardness was 40HVO0.025 in all experimental
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conditions. It is thought that the joining strength which was the same level as the tensile
strength of A1070 base metal was obtained under the condition of high reduction.
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Fig. 13. Vickers hardness distribution.

Fig. 14(a), Fig. 15(a) show load-stroke diagram of the tensile test results of SI0C/A1070 and
SUS304/A1070 respectively which showed highest joining strength, and Fig. 14(b), Fig. 15(b)
show backscattered electron image (BEI) of steel side fracture surface after the tensile test in the
combination of S10C/A1070 and SUS304/A1070 respectively. S10C/A1070 was a
macroscopically brittle failure, while SUS304/A1070 showed elongation from Fig. 14(a) and Fig.
15(a). The black part is the adhesion of the aluminum in BEIL. The amount of adhesive rate of
aluminum on the steel side fracture surface was obtained from these BEIs. SUS304/A1070 gained
high adhesive rate compared to SI0C/A1070 from Fig. 14(a) and Fig. 15(b). One of the reasons
for the large variation of tensile test results is thought to be the low adhesive rate. When there are
large defects in size or in number on the interface, it is easier to be in brittle fracture. Fig. 16(a),
(b) showed relationship between adhesive rate and joining strength in the combination of
S10C/A1070 and SUS304/A1070, respectively. It was shown that the higher the adhesive rate it
was, the less variation there was and the more stable joining strength was showed. It seems that it
shows the importance of increasing the adhesion rate in order to achieve stable and strong bonding.
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Summary

The parameters required to achieve forge solid phase bonding was investigated by doing the
experiment and FEM.

* The test method that can accurately measure the joining strength was developed.
* In this bonding method, Fe/Al could be bonded under a wide range of the surface area expansion

rate and surface pressure. The constant distribution of the surface pressure and the surface area
expansion ratio was obtained in the region of the interface of tensile test pieces.
+ Using a newly developed test method, joining strength was measured in combinations of

S10C/A1070 and SUS304/A1070 by changing reduction. In both combinations, as reduction
increased, joining strength was increased.

+ Although variation was observed, the effect of reduction was shown in the results of the tensile

test. Fe/Al could be bonded strongly by cold-forge solid phase bonding, some test pieces showed
joining strength was about 130MPa.

* Some test pieces in SUS304/A 1070 were broken in ductility. Observing the BEI of the steel side
fracture surface after the tensile test, nearly twice the adhesive rate of SUS304/A 1070 was obtained
compared with SIOC/A1070. It is thought difference in adhesion rate affects fracture form.
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