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Abstract

The effect of heat treatment on the microstructure and metallurgical properties of the interface between copper and austenitic
stainless steel 304 formed by explosive bonding using different conditions of stand-off distance and material thickness was
studied. Laboratory studies were carried out using optical microscopy, scanning electronic microscopy, and microhardness
measurements to evaluate welded samples. Samples were subjected to heat treatment in a furnace at 300 °C for 22 or 30
h, then cooled in air. Microstructural studies showed that, as the stand-off distance and explosive load were increased, the
interface between copper and stainless steel 304 became more wavy. The microhardness results showed that the hardness of
the base metal was greater than in other areas near the interface because of extreme plastic deformation due to the explosive
force. The results also showed that, as the temperature and heat treatment duration were increased, the hardness of the flyer

plate at the interface decreased compared with before heat treatment.
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Introduction

Joints between austenitic stainless steel and copper as
dissimilar materials are now being applied, especially in
expanding valves. In this materials system, the heat transfer
is lower in the austenitic stainless steel heat than in the cop-
per, motivating the use of explosive welding [1]. Indeed,
one of the ways of welding austenitic stainless steel to cop-
per as dissimilar materials is explosive welding. Explosive
welding is one of the effective ways for joining dissimilar
metals, resulting from a high-speed diagonal impact of a
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flyer plate with a baseplate [2]. Explosive welding, like
other bonding methods, has some variables that can be
controlled to achieve high-quality welds [3, 4]. Some stud-
ies and researches have revealed that the properties of the
interface created between the flyer plate and baseplate play
an essential role in its quality. The interface resulting from
explosion welding is usually of three types: straight, wavy,
or continuous frozen melt. However, such interfaces are usu-
ally wavy, and extreme deformations occur around them.
As the explosive force is increased, there is the possibility
of local melting and intermetallic compounds between the
flyer plate and baseplate. If these solution combinations are
solid, the welded zone becomes suitably flexible, whereas
if intermetallic compounds form at the interface, the welded
zone becomes brittle [3].

Many studies on explosive welding have focused on the
morphological changes at the interface between static and
flyer plates made of different materials [5-8].

Findic et al. studied the effect of the temperature and
duration of heat treatment on explosive bonding of low-car-
bon steel to austenitic steel 304. They showed that the grain
size, hardness, strength, and flexibility changed. Moreover,
the hardness of austenitic steel is considerably greater than
that of carbon steel, due to the changes that originate from
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the extreme plastic deformation and the density increase.
Those authors found that high Ni, Cr, and Si content in the
steel resulted in the formation of brittle intermetallic com-
pounds at the interface [9] and suggested a shorter duration
of heat treatment because, in this condition, the hardness
and strength are suitable while the residual tension should
be decreased. Also, Akbari et al. [10] investigated the effect
of heat treatment on the behavior of the interface formed
when explosively bonding steel 304 to Ti, revealing that,
as the temperature was increased from 650 to 900 °C in
1 h, the nucleated Ti became coarser under the effect of
recrystallization while the grain size in steel did not change
notably. Studies have also shown that, as the temperature is
increased, the width of the intermetallic zone at the inter-
face grows because of increased diffusion of alloy elements.
They also showed that the Ti diffusion length in steel 304
was shorter than that of alloying elements such as Cr, Ni,
and Fe in Ti layers. The reason for this is claimed to be the
compact cubic structure of austenitic steel in contrast to the
open hexagonal structure of Ti.

The 304 steel has a compact structure, which alongside
Fe, Cr, and Ni atoms, can increase the Ti lattice spacing,
with an open hexagonal lattice structure. Consequently,
Ti atoms becomes closer [10]. Bina et al. [11] studied the
effect of heat treatment on improving the diffusion at the
interface of joints between Cu and austenitic stainless steel
304 by varying the temperature and duration variables. They
applied a temperature of 300 °C for 8 to 32 h in steps of 8 h,
and their results revealed that the interface in joints between
Cu and austenitic stainless steel 304 was wavy. They also
conducted annealing heat treatment for 32 h, observing sig-
nificantly increased diffusion. Microhardness measurements
showed that the hardness of the samples near the interface
was higher than elsewhere.

The mechanical and microstructural properties of various
metals and their alloys subjected to explosive welding have
been investigated by some researchers, some of whom have
been cited above. The present investigation was prompted
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Table 1 Explosive welding test condition
Number AS1 AS2 AS3 AS4
Standoff distance, 3 2 3 2
mm
Thickness of 46 63 72 72
explosive layer,
mm
detonator
explosive
flyer plate

g 2

Fig. 1 Arrangement of plates for explosive welding

by recent applications of explosively welding of copper to
stainless steel in a corrosive environment. Although there
are some studies on explosive welding of copper to stainless
steel produced in literature [12—14], there are no reports on
the effect of post heat treatment on the bonding interface
after explosively welding copper to stainless steel 304. The
aim of this study is thus to investigate the effect of some
parameters, viz. the medium layer thickness and explosive
material thickness, on the microstructure and metallurgical
properties and investigate the effect of post heat treatment
on the properties of the bonding interface to determine the

Fig.2 OM images of joint interface of sample AS1: (a) without heat treatment and after heat treatment for (b) 22 h and (¢) 30 h
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Fig.3 SEM images of local
frozen melt layer: (a) without
heat treatment, and after heat
treatment for (b) 22 h and (c¢)
30h

diffusion layer

SEM MAG. 1.00 kx WO 21 28 mm
SEM HV. 15.00 KV Det BSE Detector 20 um
Date(mian). 061015 Vac: HiVac

optimal conditions for explosive welding of copper to stain-
less steel 304.

Experimental Methods

Austenitic stainless steel 304 sheets with dimensions of
250 x 250 x 4 mm> were used as the baseplate, and Cu
with dimensions of 250 X 250 x 3 mm? as the flyer plate
(Table 1). Figure 1 shows the initial setup for explosive
welding of the plates. The flyer plate and baseplate were Cu
and austenitic stainless steel with thickness of 3 and 4 mm.
Both samples were placed on a sand anvil for welding. A Cu
spacer was used to control the standoff distance between the
sheets, while high explosive was located on the surface of
the flyer plate in a wooden box of suitable thickness [15]. To
weld the sheets, Amatol 95/94 high explosive with a combi-
nation of 5% trinitrotoluene and 95% ammonium nitrate was
used, reaching an explosion speed of 250 m/s [15].
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After welding, heat treatment was performed at 300 °C.
Due to the effect of the duration of the heat treatment on the
intermetallic compounds, two samples were prepared and
subject to heat treatment in a furnace for 22 or 30 h, then
cooled at room temperature. In previous studies on explo-
sive joints between copper and austenitic stainless steel, heat
treatment was applied at 300 °C for durations in the range
from 8 to 32 h. Since the duration and temperature were
found to be critical, a temperature of 300 °C for 22-30 h
was selected for these explosive joints between copper and
stainless steel, according to the results of previous research
[11]. For the microstructural investigation, samples with
dimensions of 10 x 10 X 7 mm? were cut by using a handsaw
perpendicular to the direction of the explosion, to remove
the effect of the temperature rise during the cutting process.
Thereafter, the samples were mounted and sanded using no.
80 to 3000 papers, then polished using 3-um alumina to
remove lines and surface roughness.
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Fig.4 EDS results on diffusion layer and local frozen melt layer of sample AS1 at (a) point A of Fig. 3a, (b) point A of Fig. 3b, (¢) point A of

Fig. 3c, and (d) point B of Fig. 3b

After polishing, to prepare the samples for optical micros-
copy (OM), their surface was etched using 34 ml H,O + 33
ml HCL + 33 ml HNOj; solution, then washed and dried
in alcohol. The microstructure of the interface and inter-
metallic compounds was studied at different magnifications
before and after heat treatment by OM and scanning elec-
tron microscopy (SEM) equipped with energy-dispersive
X-ray spectroscopy (EDS) to study the interface in the joint.
Microhardness testing was used to study the hardness distri-
bution around the interface. According to ASTM E384_11
standard, the (Vickers) microhardness was measured under a
load of 50 g for 10 s at intervals of 50, 150, 250, and 350 um
from both sides of the interface into the base and flyer plate.
This test was done twice on each sample to increase the
accuracy and reliability of the microhardness rsults.

Results and Discussion
Microstructure of AS1

Figures 2 and 3 show metallographic and SEM images of
the joint interface. In this case, the joint interface is wavy. A
local frozen melt layer was created when bonding occurred.
Also, the thickness of the diffusion layer increased because
of the heat treatment. With increasing duration and tempera-
ture of the heat treatment, the thickness of the diffusion layer

also increased. Before heat treatment, the thickness of the
layers was measured to be 52.63 + 9.04 um, whereas after
22 h it reached 61.9 + 8.94 pym, and after 30 h it reached
81.6 + 6.09 um. Studies have also shown that, as the temper-
ature of the heat treatment is increased, the diffusion layer of
the interface thickness also increases [12, 16, 17]. Therefore,
performing heat treatment and increasing its duration at a
constant temperature increases the thickness of the metal-
lurgical layer formed by penetration. As seen in Fig. 2c, the
development of this layer took 30 h, resulting in the forma-
tion of a continuous film.

Figure 3 shows SEM images of the interface of sample
AS]1 before and after heat treatment, revealing the formation
of the local frozen melt layer and diffusion layer. The thick-
ness of the local frozen melt layer is less than the diffusion
layer after heat treatment at 300 °C for 30 h (point A). The
reason for this (Fig. 3c) is the effect of the heat treatment
and diffusion of alloying elements. Therefore, the diffusion
layer thickness increased.

Figure 4 shows EDS analysis of the local frozen melt lay-
ers and diffusion layers of the interface. The results revealed
that, before heat treatment, the frozen melt layer compound
(Fig. 4a, point A) included 1.01 at.% Ni, 23.46 at.% Fe, and
46.13 at.% Cu. The area of the local frozen melt is created
due to the combination of the flyer and base plates because
of the effect of imprisoned jet rotation at the interface [9].
After heat treatment, the diffusion layer showed a higher Cu
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Fig.5 OM images of interface
of sample AS2: (a) without heat
treatment and after heat treat-
ment for (b) 22 h and (¢) 30 h

atomic content, since its diffusion coefficient and thermal
conduction coefficient are higher than those of Fe. At the
sample interface, the Cu and Fe content was measured to
be 63.69 at.% and 21.28 at.% after heat treatment for 22 h
(Fig. 4b, point A). After heat treatment for 30 h, the content
of Ni, Cu, and Fe was measured to be 1.41 at.%, 59.68 at.%,
and 32.52 at.%, respectively (Fig. 4c, point A). Meanwhile,
the Cu and Fe content was 83.89 at.% and 13.48 at.%,
respectively, at point B in Fig. 4d. By increasing the tem-
perature, and because of the lower thermal conductivity of
the austenitic stainless steel 304, the content of Ni and Fe
elements decreased. Simultaneously, a large amount of Cu
from the Cu part of the joint diffused to the interface. As
the temperature was increased, the activation energy for dif-
fusion increased, thus the width of the reactive area grew.
The chemical composition of the intermetallic layers formed
during diffusion depends on the amount of diffusion ele-
ment, residual stresses and strains due to welding, changes
in different crystal lattice parameters due to heat treatment
and reduction of base metal strength near the weld zone due
to structural changes [10, 18, 19].

The EDS analysis of the local frozen melt layers and dif-
fusion layers of the interface is shown in Fig. 4. These results
indicate that, before heat treatment, the frozen melt layer
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compound at point A in Fig. 4a had Ni, Fe, and Cu content
of 1.01 at.%, 23.46 at.%, and 46.13 at.%, respectively.

After heat treatment, the diffusion layer showed that the
Cu atomic content increased because its diffusion coefficient
and thermal conduction coefficient are higher than those of
Fe. The Cu and Fe content was measured to be 63.69 at.%
and 21.28 at.% at the interface of the sample that was subject
to heat treatment for 22 h (Fig. 4b, point A).

The content of Ni, Cu, and Fe was found to be 1.41 at.%,
59.68 at.%, and 32.52 at.%, respectively, in the sample sub-
jected to heat treatment for 30 h (Fig. 4c, point A), whereas
the Cu and Fe content at point B in Fig. 4d was 83.89 at.%
and 13.48 at.%, respectively. As the temperature was
increased, due to the lower thermal conductivity of the aus-
tenitic stainless steel 304, the content of Ni and Fe decreased
and a large amount of Cu from the Cu part of the joint pen-
etrated the interface. As the temperature was increased, the
activation energy of diffusion also increased, so the width
of the reactive area grew. Therefore, some factors like the
amount of main elements diffusion remained tensions from
welding, which ultimate creating yield in the diffusion area,
creating yield caused by the physical-heat incompatibility
of the material during heat treatment, and the base metal
softening in the effect of the destruction of structural defects,
affects the diffusion layers change [10, 18, 19].
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Fig.6 SEM images of local
frozen melt layer the diffu-

sion layer of sample AS2: (a)
without heat treatment and after
heat treatment for (b) 22 h and
(¢)30h
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Microstructure of AS2

The waves that were created perpendicular to the explosive
direction are shown in Fig. 5. In this case, the joint interface
is wavy. Because of the small stand-off distance (2 mm), the
speed of the flyer plate was low, thus the joint interface was
wavy before heat treatment. The sample subjected to heat
treatment for 30 h exhibited a considerable amount of diffu-
sion with increasing heat treatment duration, and the thick-
ness of the diffusion layer reached 80.3 + 4.32 um. Studies
have shown that, with increasing temperature and duration
of the heat treatment, the width of the area of intermetallic
compounds increases [13, 20].

Figure 6 shows SEM images of the interface and melted
layer of sample AS2 welded with a standoff distance of 2
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mm and thicker explosive material than was used for sam-
ples AS1. The thickness of the local frozen melt layer of
this sample before heat treatment is shown in Fig. 6a. The
diffusion layer after heat treatment (Fig. 6b, c) increased in
comparison with the thickness of the local frozen melt layer
of sample AS1 before heat treatment and the diffusion layer
after heat treatment. The reason for this thickness reduction
is the decrease in the standoff distance and kinetic energy of
the collision. By increasing the heat treatment duration, the
thickness of the diffusion layer got slightly thicker. Studies
on the effect of heat treatment on the behavior of explo-
sive joints between steel 304 and Ti have shown that, when
strengthening the heat treatment, the intermetallic areas of
the interface increase because of increased reaction and dif-
fusion of alloy elements.
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Fig.7 OM images of interface
of sample AS3: (a) without heat
treatment and after heat treat-
ment for (b) 22 h and (¢) 30 h

Length: 82.58 um

L3

Length: 75.00 um
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Microstructure of AS3

As shown in Fig. 7, the thickness of the local frozen melt
layer and diffusion layer at the interface of sample AS2
obtained with a standoff distance of 3 mm increased com-
pared with the sample obtained using a standoff distance of
2 mm, both before and after heat treatment.

This thickness was measured to be 228 + 5.6 um before
heat treatment and 120.4 + 13.9 pm after 30 h of heat treat-
ment. Because of the increase in the standoff distance and
the thickness of the explosive load compared with AS2, the
velocity of the flyer plate was higher and more plastic defor-
mation occurred at the interface of the joint. Also, as the
kinetic energy of the collision increased, before heat treat-
ment, the shape of the interface became more like a vortex
compared with AS2 obtained with a standoff distance of 2
mm.

At a higher collision speed, the collision pressure and
dynamic angle will be higher. Moreover, part of the kinetic
energy turns into potential energy at the interface, causing
the surface of the plates to deform.

Because of this increase, the materials tend to behave
like a fluid; the velocity of the flyer plate increases with
the standoff distance and, thus, the explosive load. Since
the density and wave speed in the solids are different, the
momentum pressure on either side of the interface changes
when increasing the velocity of the flyer plate. Therefore,
the collision point at the moment of joining will fluctuate.
These vibrations will increase as the collision velocity is

@ Springer

increased, and matter adjacent to the collision point will lose
more strength and tend to behave like a fluid.

Heat treatment at 300 °C for 30 h led to the maximum
diffusion layer thickness of 130 um, which is 41 um greater
than that of the local frozen melt layer before heat treatment.

Figure 8 shows SEM images of the local frozen melt
and diffusion layers of sample AS3 obtained a standoff dis-
tance of 3 mm. The thickness of the diffusion layer (Fig. 8)
increased compared with AS2 due to the different standoff
distance, explosive load, and kinetic energy at the interface.

Microstructure of AS4

Figure 9 shows the interface of sample AS4 obtained with
a standoff distance of 2 mm. The interface morphology is
wavy. Also, the thickness of the local melted frozen layer
was 66.4 + 8.33 um before heat treatment. The greater the
temperature, the thicker the diffusion layer.

After heat treatment for 22 and 30 h, the thickness of
the diffusion layers was 80.7 + 95.5 and 100.46 + 8.29 um,
respectively. Because of the greater stand-off distance,
explosive load, explosive velocity, and collision energy for
sample AS2, the thickness increased, thus with the higher
explosion load and flyer plate velocity, the kinetic energy
of the collision increased. Thus, both before and after
heat treatment, the thickness of the local frozen melt layer
increased. Figure 10 shows images of the local frozen melt
layer and diffusion layer of sample AS4. The thickness of
the local frozen melt layer before heat treatment and the
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Fig.8 SEM images of local
frozen melt layer and diffu-
sion layer of sample AS3: (a)
without heat treatment and after
heat treatment for (b) 22 h and
(¢)30h
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diffusion layer after heat treatment were lower than for sam-
ple AS3.

As mentioned above, as the duration of the heat treatment
time was increased at constant temperature, the thickness of
the intermetallic layer formed at the joint increased.

The reason is the reduction in the stand-off distance and
kinetic energy of the collision at the interface. This sam-
ple had a stand-off distance of 2 mm and was subjected to
heat treatment at 300 °C for 22 and 30 h. Before heat treat-
ment, the maximum thickness of the frozen melted layer was
71 um, but after 30 h, it reached 114 um.

Figure 2 shows the changes in the thickness of the
local frozen melted layer before and after heat treatment.
With increasing the temperature and time of heat treat-
ment, the thickness of intermetaic layer increased. This
led to enhanced diffusion and a higher collision velocity
and kinetic energy (Table 2). Such results have also been
observed in previous studies.
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Microhardness

Figure 11 shows the hardness results obtained at 50, 150,
250, and 350 pm from the interface of sample AS3, before
and after heat treatment. Areas adjacent to the interface have
higher hardness experience. Because of the explosive force
in the joint area, the flyer metal collides strongly with the
base metal, which results in plastic deformation of the flyer
metal at the interface. This plastic deformation increases
the hardness.

As the stoppage time increased, the hardness at the
interface also increased (because of intense plastic defor-
mation). The maximum microhardness of the AS3 sample
was obtained at 50 um away from the interface. Before heat
treatment, the hardness of the stainless steel was 380 + 15.5,
398 + 8.5, and 40 + 4.5 Vickers, while after heat treatment
for 22 and 30 h it was 122 + 4.8, 72.5 +£ 15.5, and 67.5 + 8.5
Vickers in the copper area. The hardness of copper was
reduced due to the emission of energy produced by the col-
lision stresses after heat treatment.
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Fig.9 OM images of interface
of sample AS4: (a) without heat
treatment and after heat treat-
ment for (b) 22 h and (¢) 30 h

L1
Length: 60.15 um

Table 3 presents the microhardness of the samples before
and after heat treatment. Sample AS3 showed a greater hard-
ness increase compared with AS1.

An increase in the thickness of the explosive material
increases the energy, resulting in more kinetic energy during
the collision. The outcome is intense plastic deformation at
the interface. The microhardness in sample AS3, obtained
using a standoff distance of 3 mm, was greater than that in
AS4, which was obtained using a standoff distance of 2 mm.

This occurs because, by increasing the standoff distance,
the velocity of the flyer plate and the dynamic angle are
increased, and thereby the kinetic energy during the colli-
sion, resulting in higher hardness caused by explosive waves.

Conclusions
1. As the stoppage time and the thickness of the explosive

material are increased, the interface of the joint becomes
like a vortex, and a local frozen melt layer is produced

@ Springer

local frozen melt n
L3
Length: 60.90 um S esms

L2 F 4
Length: 78.20 um

L1

Length: 91.06 um
L2

Length: 99.25 um
L3 ST
Length:111.19 um

Length: 78.95u
o s
Length: 90.98 um =
L3

due to the increase in the collision pressure near the
vortex waves. This effect is caused by the rotation of the
flyer jet on the base metal alloy and flyer.

Due to the presence of internal stresses, the hardness is
reduced after heat treatment.

Before heat treatment, the hardness in the copper sec-
tion of the samples at a distance of 50 pm away from the
interface was higher than in other areas. The reasons are
the plastic deformation, and the hardness of the copper
and austenitic stainless steel.

The longer the heat treatment, the greater the penetra-
tion of alloy elements. The combinational diffusion layer
includes metals present in the alloy and flyer material.
Since the diffusion rate of copper is greater than that of
steel and it has high thermal conductivity, more copper
was found in the melt layer.
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Fig. 10 SEM images of local
frozen melt layer and diffu-
sion layer of sample AS3: (a)
without heat treatment and after
heat treatment for (b) 22 h and
(¢)30h
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Fig. 11 Micro hardness of sample AS3: (a) before heat treatment and after heat treatment for (b) 22 h and (¢) 30 h

Table 3 Microhardness changes

i Sample Vickers microhardness
after heat treatment using
different conditions Before heat treatment After heat treatment for 22 h After heat treatment for
30h
Cu SS304 Cu SS304 Cu SS304
AS1 1145+ 5.0 323.15+5.0 62.5+5.1 3455 +5.1 55.5+4.5 371.5+ 8.0
AS2 115.5+5.5 3328 +£3.5 63 +5.5 370.5 + 6.0 56.5+5.5 350.5+5.0
AS3 112.8 +4.0 380.5+5.0 72.15+5.5 398.8 +5.5 67.8 +£5.5 405.5+4.0
AS4 117.5+£3.0 3555+2.0 65.12 £5.5 385 +5.1 603 +5.5 365.5+4.2
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