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Effect of Brass Interlayer Sheet on Microstructure
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Copper-Steel Joints
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Solid-state ultrasonic spot welding (USW) inevitably offers a potential solution for joining dissimilar metal
combination like copper (Cu) and steel (SS). In this study, the USW has been performed on Cu (UNS
C10100) and SS (AISI 304) with brass interlayer by varying various welding parameters, aiming to identify
the interfacial reaction, changes in microstructure and weld strength. The highest tensile shear and T-peel
failure loads of 1277 and 174 N are achieved at the optimum conditions like 68 pm of vibration amplitude,
0.42 MPa of weld pressure and 1 s of weld time. The fractured surface analysis of brass interlayer and AISI
304 stainless steel samples reveals the features like swirls, voids and intermetallic compounds (IMCs). These
IMCs are composed of CuZn and FeZn composite-like structures with ~1.0 pm thickness. This confirms
that the weld quality is specifically sensitive to the levels of input parameter combinations as well as the type

of material present on the sonotrode side.

Keywords brass interlayer, intermetallic compounds, tensile
shear strength, T-peel strength, ultrasonic metal weld-
ing, weld quality

1. Introduction

During the past few years, there is a drastic increase in
demand of dissimilar metal welding, especially in the automo-
bile sector by providing lightweight solutions (Ref 1). More-
over, the welding of thin and dissimilar metal sheets is a robust
and complicated process and it cannot be easily achieved by the
fusion welding process. Because these sheets are readily get
melted without proper fusion, producing a large heat-affected
zone (HAZ). In addition to it, some predominant features like
porosity, voids, distortion and intermetallic compounds (IMCs)
are also formed, which are the primary causes for lowering the
strength of the weld (Ref 2). However, with the advent of
increasing other welding techniques like resistance spot
welding (RSW), friction stir welding (FSW) and ultrasonic
welding (USW), these difficulties can be avoided. Although
RSW is most popular in this field, one primary concern is the
consumption of energy during the welding process. It consumes
almost 10% of more energy than USW (Ref 3). Likewise, the
long welding cycle and severe working condition at joint limits
the application of FSW (Ref 4). USW includes the rubbing of
metal sheets with high-frequency vibration to break the oxide
layer, and microwelds are formed due to localized heating at the
interface (Ref 5). Thus, it is considered to be one of the
emerging and popular techniques in the solid-state welding
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field for joining nonferrous and ferrous metals with consump-
tion of least energy (Ref 6).

The copper-stainless steel (AISI 304) are extensively used in
power generation, chemical equipment and utensil industries
because of their excellent thermal conductivity as well as
strength. There are also many reports published by various
researchers on the fusion welding of copper to AISI 304.
Magnabosco et al. (Ref 7) used electron beam welding to weld
copper with austenitic stainless steel plates and studied the
fusion zone microstructures. The results showed the defects
such as porosity and microfissures due to poor mixing of the
materials. Likewise, Mai and Spowage (Ref 8) performed
experiments on copper-steel butt joints produced by laser
welding. It was found that most of the energy was absorbed by
steel, and limited copper was dissolved due to differences in
their chemical properties. Meanwhile, Phanikumar (Ref 9)
attempted to join Cu-Fe using a CO, laser and the microstruc-
tures found on the copper side were very rough and of curved
type. However, less number of research papers are available for
solid-state joining of copper and steel. Durgutlu et al. (Ref 10)
carried out explosive welding experiments on copper and steel
sheets and confirmed that these metals could be joined
effectively without the formation of IMCs. Furthermore, the
work reported by Imani et al. (Ref 11) on the friction stir
welding of Cu to SS304L showed that minimal amount of
cracks and IMCs were formed with 30% less ultimate tensile
strength of the copper metal. Shiri et al. (Ref 12) also conducted
tests to join SS304 with copper using gas tungsten arc welding
with various filler materials. The results showed the 96% of
weld strength could be achieved with a higher hardness at the
fusion zone. One of the biggest problem while joining copper
with steel is that copper has higher thermal conductivity than
SS304 (Ref 13), and thus, it is responsible for the rapid cooling
of copper and formation of cracks in the weldment.

It is well known that the chemical compositions and various
properties of weldments play a vital role in producing IMCs in
dissimilar welding. Previous researchers like Zhao et al. (Ref
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14), Balasundaram et al. (Ref 15) and Wang et al. (Ref 16) also
observed these brittle IMCs were the primary reasons for the
joint failure. However, they did not address any means to
improve the joint. Moreover, some of the previous studies also
demonstrated about the welding of copper and steel, but to the
author’s knowledge, there are no systematic studies present in
the open literature to describe the effect of brass interlayer on
the enhancement of mechanical performance and quality of the
joints. Brass was selected because its Zn constituent has the
ability to interact well with the copper at elevated temperature
as given by Cu-Zn binary phase diagram (Ref 17). Thus, Zn can
inhibit the formation of brittle IMCs between Cu and Fe

Table 1 Physical, mechanical and thermal properties of
interlayer

Properties Unit UNS C27000
Density kg/m’ 8470
Young’s modulus Pa 105E9
Poisson’s ratio 0.3
Ultimate tensile strength Pa 420.4E6
Yield strength Pa 336.1E6
Coefficient of thermal expansion oc™! 20.3E—6
Thermal conductivity W/m °C 116
Specific heat J/kg °C 380
Melting point °C 930

w“ ‘ Il ROOE

Wy TELSONIC

(@) UTRASONIX
= | NITVIIEs)

AlSI 304 stainless steel ;, '

(Bottom sheet)

Fig. 2 Welding coupons with interlayer sheet
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resulting high weld strength. Thus, the present study describes
the effect of brass interlayer sheets and the type of stacking of
metal sheets on the weld strength. To reveal the quality of Cu-
AISI 304 stainless steel joints made by USW, particular
emphasis has been given to the microstructural analysis and its
related mechanical properties.

2. Materials and Experimental Details

The workpiece materials used in this study were commer-
cially available 0.4-mm-thick pure copper (99.99% Cu)
and 0.2-mm-thick AISI 304 stainless steel (69%Fe-9.20%
Ni-18%Cr-2.65%Mn-1%Si-0.08%C-0.04%P-0.03%S) sheets.
Meantime, the brass (UNS C27000) (63%Cu-0.070%Fe-
36.83%Zn-0.10%Pb) sheet of thickness 0.1 mm was consid-
ered as the interlayer. Table 1 lists the physical and mechanical
properties of the interlayer. After conducting a lot of trial
experiments, the dimensions of the weld coupons were selected
as 80 mm long x 20 mm wide so that these were vibrated in a
resonance condition. Meantime, the surfaces were cleaned with
acetone to remove impurities and contaminants present on it.
All the welds were produced by a lateral drive ultrasonic metal
welder (Telsonic® M4000) (Fig. 1) with a 20-mm overlap.
Thus, the dimensions of the interlayer sheets were also selected
as 20 mm x 20 mm (Fig. 2). The welding system was operated

Cu (Top sheet)

Brass (Interlayer sheet)
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at 20 kHz frequency with 3 kW of maximum output power.
The joints were produced in time control mode by varying
various process parameters such as vibration amplitude, weld
time and weld pressure. In the present analysis, the experiments
have been performed in two phases. The first phase of
investigation included the selection of weld coupon combina-
tion based on its orientation. Thus, three levels of each input
parameter selected based upon the number of trial experiments,
and the L9 orthogonal array was employed to carry out the
tests. The particular experimental domain is presented in
Table 2. According to this table, each nine numbers of samples
have been selected for tensile shear and T-peel tests. Mean-
while, the second phase of investigation on the selected
combination further performed, and the full factorial design of
experiment with six replications (i.e., based on Table 2) was
adopted for the in detailed analysis of the various features of
welded joints. In this context, a total of 162 numbers of samples
were prepared and out of that half of the samples are selected
for tensile shear test and rest for the T-peel test. In order to
evaluate the soundness of the joints, the tensile shear and T-peel
tests were performed for each weld condition by using a
universal testing machine (INSTRON® 1195) with a constant
crosshead speed of 2 mm/min. The schematic diagram of weld
coupon configuration used for these two tests is presented in
Fig. 3. Furthermore, microstructural examinations of ““under,”
“good” and “over” weld samples were executed by optical
microscopy and scanning electron microscopy (SEM) (JEOL®
JSM-6084LV) with energy dispersive spectroscopy (EDS).
These metallographic samples were cut from the weld cross
section, mounted and etched for the precise observation. Phase

Table 2 Domain of experiments adopted for USMW of
dissimilar thickness Cu-AISI 304 weld coupons

Factors Level 1 Level 2 Level 3
Amplitude, pm 54 60 68
Weld pressure, MPa 0.38 0.42 0.46
Weld time, s 0.8 1.0 1.2
80 :
L

20

®
(-]

(a

identification on both the fractured surfaces of copper and
stainless steel sides was revealed by Bruker® DSADVANCE x-
ray diffractometer (XRD) with cobalt receptor. The diffraction
angle (20) varied from 30° to 110° with a step size of 2° per
minute.

3. Results and Discussion

3.1 Tensile Shear and T-peel Failure Loads

The maximum tensile shear failure loads for the first phase
of experiment are represented in Fig. 4. For each weld
condition, it is clearly noticed from the illustration that when
the Cu is on the sonotrode side (i.e., top position), then the joint
strength is significantly higher than the case in which AISI 304
stainless steel is on the top position. The primary reason for this
kind of phenomenon is that Cu is softer as comparable to AISI
304. Thus, Cu is more amenable to plastic deformation due to
the generation of high temperature, and thereby it diffuses into
steel for achieving a sound joint. Hence, the second phase of
experiments has been conducted by keeping Cu on the
sonotrode side AISI 304 on the anvil side with brass as
interlayer material. The plots of tensile shear and T-peel failure
loads with the variation of weld pressure and weld time
parameters at different vibration amplitudes are shown in Fig. 5
and 6. The failure load profiles for all the vibration amplitudes
showed a similar pattern, in which tensile shear and T-peel
failure loads increased with rising in weld time up to 1 s and
then decreased with further increased in weld time. With
support for this type of profile nature, Lee et al. (Ref 18) and
Zhang et al. (Ref 19, 20) also observed the growth of U-tensile
load up to 0.6 s of weld time, and then it decreased. It has been
established that at lower weld time, less amount of ultrasonic
energy was supplied to the faying surface, and thus, the
temperature developed at the interface was not high enough to
soften the materials (Ref 21). But with the increase in weld
time, weld pressure and vibration amplitude, both tensile shear
and T-peel failure loads increased due to the formation of high
interface temperature and enhanced strain rate. Thus, it results
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Fig. 3 Schematic diagram of weld coupons used for (a) tensile shear and (b) T-peel tests
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in higher diffusion rate between Cu and AISI 304 stainless
steel. The maximum tensile shear failure load of 1277 N and T-
peel strength of 174 N are observed at weld pressure of
0.42 MPa, weld time of 1 s and 68 pum of vibration amplitude.
The most noticeable feature observed in this setting was the
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Fig. 4 Comparison of tensile shear test results for first phase of
experiment between Cu and AISI 304 stainless steel sheets

ductile nature of Cu sheets due to insertion of the brass
interlayer. During the tensile test, the welded joint exhibited
higher shear stress than the ultimate tensile strength of Cu.
Thus, the base metal Cu stretched more and broke outside the
weld spot. In other words, it can be said that the load bearing
capacity of the weld spot is higher than the copper metal.
Furthermore, when the weld time and weld pressure increased
beyond these parameter values, then the top Cu metal severely
deformed and microcracks were generated at the edge of the
nugget zone with a thicker IMC. Similar results also have been
reported in some literature (Ref 22-26).

3.2 Weld Interface Microstructure

In this section, the detailed description of weld quality and its
correlation with joint attributes is presented at various weld
conditions. Figure 7 represents the optical micrographs of Cu-
AIST 304 stainless steel weld cross sections at various input
parameter values. It can be observed from Fig. 7(a) that there
exist distinct gaps between the sheets and it is referred as the
“under weld” condition. Moreover, this condition occurred at the
lowest value of each parameter, and thus less amount of
ultrasonic energy is transferred to the faying zone. Similarly, as
the values of the input parameters increased, the delivery of
ultrasonic energy to the faying surface also increased. Therefore,
the metallurgical bonds happened at multiple regions with a
uniform grain structure along the weld cross section. Figure 7(b)
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Fig. 5 Tensile shear failure loads of USWed Cu-AISI 304 stainless steel joints at different vibration amplitudes
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Fig. 6 T-peel failure loads of USWed Cu-AISI 304 stainless steel joints at different vibration amplitudes

shows this condition, and it is referred as “good weld” condition
with the maximum tensile shear failure load of 1277 N and a T-
peel load of 174 N. There were also mechanical interlocking and
swirl-like features noticed throughout the bond line which could
provide extra bonding strength to the joint. The swirling
phenomenon at the weld interface was due to the penetration of
sonotrode knurls into the workpiece at higher ultrasonic energy.
Thus, the extreme wavy-type interface was observed under the
sonotrode knurls, and the wave peaks formed fold-like feature in
a certain zone. This swirling deformation exhibits the rise of
tensile shear and T-peel failure loads due to localized mechanical
interlocking in the weld zone. However, the density of metallic
bonds and the interlocking feature were larger in the case of “over
weld” samples than “good weld.” But due to severe plastic
deformation of the weld materials, the microcracks were noticed
(Fig. 7¢) and subsequently the tensile shear and T-peel failure
loads decreased. These microcracks were typically formed on the
Cu side. It can be inferred from this image that the molten Zn
component of brass is squeezed out from the weld surface and
breach to the Cu surface through intergranular cracks. The
possible reason for these intergranular cracks is due to the liquid
metal embrittlement (LME) phenomenon where the ductile
materials became brittle while in contact with the liquid metal
(Ref27). Bruscato (Ref28) also demonstrated that LME caused a
destructive crack in the stainless steel when the molten Zn was in
contact with it. This over weld condition was observed at 68 um
of vibration amplitude, 0.46 MPa of weld pressure and 1.2 s of
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weld time. Moreover, to analyze the weld attributes more
precisely and diligently, higher magnification backscattered SEM
images at the weld interface for various weld conditions are
shown in Fig. 8. Figure 8(a) demonstrates the under weld
condition where voids are clearly noticed. As spotted from
Fig. 8(b) and (c), the good welding and over welding conditions
displayed improve bond quality due to interface stirring.
However, microcracks were noticed in the case of over weld
samples. As described before, the higher weld energy produces
more amount of interface temperature. Thus, it softens the
material, and the sonotrode tips penetrate more into the sheets
producing massive plastic deformation. These types of features
were also supported by many researchers (Ref 29, 30).

3.3 Energy Dispersive Spectroscopy (EDS)

The EDS line scan analysis was performed in order to verify
the possible phase formations on the weld cross sections of
good weld samples, and it is shown in Fig. 9. From previous
studies, it was evident that the interface layer was composed of
IMCs through interatomic diffusion (Ref 31). Figure 9(a)
reveals a magnified portion of the weld cross section where
the heterogeneous regions are marked as A, B and C points.
The chemical composition at point A (white region) was
verified from EDS point scan analysis, and it was (in at.%)
51.23Cu-27.80Zn-10.34Fe-7.41Ni-3.22Cr, which suggests that
as this layer is just below the Cu specimen, the effect of it on

Journal of Materials Engineering and Performance
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Fig. 9 Highly magnified backscattered SEM image with EDS line scan at the weld cross section of USWed Cu-AISI 304 stainless steel joint

and the corresponding result for good weld condition

6000
4 . m Cu
5000 e Cu,/Zn
4 v FeZn
— ] o ¢ (Cu, Zn)
5 4000
3 <
> 3000
=
[7;] 4
<
2 20004
£ ] °
1000 4 ™ "
® v
0- ALA JJ
T T v T T T v T v T
30 45 60 75 90 105
2 r
(a) 0 (degree)

1400 ) * m FeNi
] - e Cu,Zn
1200 - v FeZn
—_ ] ¢ (Cu, Zn)
3 1000-.
S 800 4
_..? J
| |
2 600 .
3 g
£ 400
200- 1
0 M
30 45 60 75 90 105
(b) 20 (degree)

Fig. 10 XRD scan results acquired from on fractured surfaces of brass and AISI 304 side for good weld condition

the IMC is more. Likewise, the EDS point analysis on the gray
(point B) and black region (point C) indicates a chemical
composition of (in at.%) 24.52Cu-45.83Zn-13.69Fe-9.83Ni-
4.13Cr and 12.02Cu-38.29Zn-33.64Fe-11.23Ni-4.82Cer, respec-
tively, noticeably signifying that the intermetallic layer is
enriched with Cu, Zn, Fe, Ni and Cr elements. The white dotted
box in this region presents a spiral type of feature which
belongs to Fe-Zn as evident by the high content of Fe and Zn.
Normally, due to the lower melting point of Cu and brass
materials, the solid solution of the atoms of these metals get
diffused to Fe lattice because of their high energetic nature.
From the Cu-AISI 304 line scan analysis (Fig. 9b), it can be
inferred that at a distance of ~ 10 um, the Cu concentration is
starting to decrease. Similarly, at the beginning of the line scan
analysis, there is a negligible amount of Zn is present. But
toward the weld interface, the amount of Zn gradually increases
and then it also decreases around a distance of ~10 um.
According to the binary phase diagram of Cu and Zn (Ref 17)
and Cu and Fe (Ref 32), some brittle intermetallic compounds
such as CuZn and FeZn could be formed, which were
confirmed later by x-ray diffraction analysis. Thus, due to the
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formation of these unwanted brittle IMC phases during the
welding of Cu-AISI 304, the fracture happened, and the
strength of the joint was lowered.

3.4 X-ray Diffractions

To confirm the phases identified by EDS analysis, the x-ray
diffraction (XRD) scans (Fig. 10) were performed on the
fractured surfaces of the good weld samples of brass and stainless
steel sheets after the T-peel test. Moreover, during the T-peel test,
it was observed that interfacial failure happened at the UNS
C27000 brass-AISI 304 stainless steel interface. Thus, it depicts
that the metallurgical bonds formed between UNS C27000-AISI
304 are weaker than the Cu-UNS C27000 interface. Meantime,
the solubility of Cu in Fe is very low. Hence, no IMC is expected
between Fe and Cu. But Fe-Zn and Cu-Zn compounds can be
expected as they form IMCs at these welding conditions.
Figure 10(a) represents the XRD analysis on the brass side. It
is clear that the sharp peaks have been occupied by Cu,Zn, CuZn
and Cu with some of the peaks of FeZn compounds. Furthermore,
on the fracture side of AISI 304 (Fig. 10b), elements such as
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CuZn and FeZn are noticed along with Cu,Zn and FeNi. The root
cause of formation of these compounds is unknown, and some
hypothesis can be rendered. Firstly, due to insertion of brass as
interlayer sheet, the friction between the samples increases and
thus the diffusion rate of metals also increases. Secondly, Zn may
act as a catalyst during the interface reaction between Cu and
AISI1304 weld samples. Cu,Zn and FeZn peaks suggest that some
Zn reacted with Cu and Fe to produce these compounds. These
results from the XRD analysis confer that the mechanical
performance of'the joint significantly depends on the formation of
brittle IMCs. However, more research needs to be carried out in
order to reveal and understand the interface reaction of Zn with
Cu and AISI 304.

4. Conclusions

Ultrasonic spot welding was successfully used to join Cu with
AISI 304 stainless steel using a brass interlayer placed between
the sheets. The mechanical performances of different quality
welds were investigated, and the relationship between those
performances with the weld attributes was qualitatively identi-
fied. The major conclusions of the present study are as follows:

(1) The order of stacking of weld coupons affects the joint
strength. Cu on the sonotrode side shows higher tensile
shear failure load than AISI 304 stainless steel for each
weld condition. The highest tensile shear failure load of
1277 N and T-peel failure load if 174 N achieved at
68 um of vibration amplitude, 0.42 MPa of weld pressure
and 1 s of weld time. This high bonding strength is due to
the metallurgical bonding and mechanical interlocking.

(2) Microstructural analysis revealed that there are three dif-
ferent kinds of weld quality (i.e., under, good and over
weld) present depending upon the amount of ultrasonic
energy transmitted to the joint area. As the good weld
samples have more bond density at the interface layer;
thus, it shows the highest weld strength. Meantime, for
the over weld specimens, material flow and extensive
plastic deformation of Cu occurs at the interface. Thus,
microcracks are generated around the weld spot.

(3) Although the USW has short weld cycle, the thickness of
IMC layer grows with the increase in the levels of input
parameters. It is confirmed from EDS line scan analysis
that the ~1-pm-thick, brittle IMC compound is the pri-
mary reason for conciliating the soundness of the joint.

(4) XRD analysis also revealed that FeZn phase was mainly
present on both the fractured surfaces along with CuZn
phase during the welding of Cu to AISI 304 stainless
steel joints.

The Scientific understanding of this study can guide the
welders to achieve a high-quality joint within a particular
process parameter region.
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