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This paper investigates the effects of the physical properties on the microstructure and weldability of
explosive welding by joining two metals with a significant contrast in thermophysical properties:
stainless steel and copper. Sound welds between stainless steel and copper were obtained, and the
interfacial morphology was wavy, regardless of the position of the materials. The weldability of dissimilar
pairs was found to be more dependent on the relationship between the physical properties of the base
materials than on the absolute value of the material property. When there is a significant difference in
thermal conductivity between the flyer and the base plate, together with a material with a low melting
temperature, the weldability of the pair is often poor. The relative position of the plates affects the
interfacial microstructure even when similar morphologies are found. For the metallic pairs studied, the
wave size was bigger for the configuration in which the ratio between the density of the flyer and the
density of the base plate is smaller. The same phenomenon was observed for the impedance: bigger
waves were found for a smaller ratio between the impedance of the flyer and the impedance of the base
plate.
© 2022 China Ordnance Society. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction

Dissimilar joining between metallic alloys is a strategic tool for
manufacturing components that need a combination of properties
that cannot be found in a single alloy. There are many ways to
achieve a consistent joint between alloys, such as connectors, ad-
hesive bonding, and welding. Welding presents some advantages,
but it may be very difficult or even impossible to achieve by the
traditional fusion welding processes when welding materials with
extreme differences in physical properties, especially the melting
temperature. For this type of welding, it is necessary to use non-
conventional technologies, such as solid-state processes. The
explosive welding (EXW) process is one of the most interesting
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solid-state processes for welding dissimilar materials with signifi-
cantly different physical properties because bulk melting is not
required. EXW results in reduced heat-affected zones and main-
tains the mechanical properties of the original material after the
welding process. Thus, it has an excellent potential for the manu-
facture of claddings, a process of great importance in several sec-
tors, including defence [1e3], aerospace [4,5], oil & gas [6], and
chemical [7].

The two main elements in EXW are the flyer and the base plate.
The flyer plate is the projected plate, i.e. the plate that is driven by
the energetic material and moves towards the base plate. In turn,
the base plate is positioned below the flyer at rest and receives the
impact of the flyer. In general, some authors indicate that the flyer
has a greater influence on the process [8,9], which is often verified
by the difficulty in welding some materials, especially when posi-
tioned as a flyer [10]. For dissimilar welding, this is relevant
because, besides each property alone, the combination of proper-
ties of each material should be analysed.
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Table 1
Welding conditions.

Welding conditions Weld series

Cu/SS SS/Cu

Flyer plate alloy Cu-DHP AISI 304
Base plate alloy AISI 304 Cu-DHP
Stand-off distance (mm) 4.5 4.5
Explosive Mixture ANFO ANFO
Explosive Ratio 1 1
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It is known that welding metallic pairs with significantly
different physical properties is possible but can be problematic in
explosive welding. Many welding combinations represent today a
great industrial and academic relevance, such as the welding of
aluminium and carbon steel [11e15], aluminium and copper
[14,16e18], aluminium and stainless steel [10,12e14,19,20], copper
and stainless steel [21e23]; stainless steel and carbon steel [24],
aluminium and titanium [25,26], aluminium and magnesium [27],
titanium and steel [28e30], titanium and stainless steel [31,32];
titanium and copper [33], and less common but relevant alloys such
as welding using niobium [19,34,35], tantalum [31, 34, 36e38],
tungsten [39,40] and zirconium [41]. Recently, some investigations
have also been focused on process advances, successfully devel-
oping strategies to reinforce the mechanical properties of the joints
[20,42,43].

Among these pairs, the copper-stainless steel combination is of
high scientific and industrial importance. These alloys present very
particular features, such as resistance to corrosion, thermal and
electrical conductivity (copper), and good ductility at low temper-
atures. These properties, if combined, would generate a unique
component. However, these two alloys are extremely different
regarding some of their physical properties, such as the thermal
conductivity (copper has a thermal conductivity of 398W/(m$K)
and AISI 304 stainless steel has a thermal conductivity of 16.2W/
(m$K)) and, to a lesser extent, the melting temperature (copper
melts at 1085 �C and the AISI 304 stainless steel melts at 1400 �C
approximately).

Differences in thermal conductivity may hinder welding and
represent an important topic of research. In a previous work [10],
the problem of welding materials with significantly different
thermal conductivities was addressed by studying the welding
between aluminium and stainless steel by EXW. The difficulty of
joining this pair by EXW became evident and it was analysed how
to maximise/increase the chances of achieving a good-quality weld
between them. However, copper and stainless steel present an even
more notable dissimilarity in thermal conductivity, and different
metallurgical transformations. It is necessary to address topics
relating to process development to increase the body of knowledge
regarding dissimilar welding of materials with different physical
properties.

The objective of the present work is to analyse the phenomena
of the explosive welding process by welding materials with sig-
nificant contrasts in thermophysical properties, in this case, stain-
less steel to copper. The work will discuss the effect of the physical
properties on explosive welding comprehensively, investigating
aspects like weldability and interfacial/wave morphology. The
research was performed using optical microscopy, scanning elec-
tron microscopy (SEM) with energy-dispersive X-ray spectroscopy
(EDS), electron backscattering diffraction (EBSD), tensile-shear
mechanical testing, and microhardness measurements.
Table 2
Values of detonation/collision point velocity, impact velocity and welding results.

Weld series vd, vc (m/s) vpF (m/s) Welding results

Cu/SS 2420 446 consistent joint
SS/Cu 2186 403 consistent joint
2. Materials and methods

Two series of welds between copper and stainless steel were
performed using explosive welding in a parallel full overlap joint
configuration similar to Loureiro et al. [14]. For bothweld series, the
welded plates had a width of 70mm, length of 250mm, and a
thickness of 3mm. The copper platewas a Cu-DHP alloy (94 HV0.2),
and the stainless steel was an austenitic AISI 304 alloy (188 HV0.2).
Two arrangements were tested: the copper as the flyer plate and
the stainless steel as the base plate (Cu/SS), and one with the
stainless steel as the flyer plate and the copper as the base plate (SS/
Cu). Table 1 shows the identification and the main welding
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parameters used for both welding series. The energetic mixture
used was ANFO.

The detonation velocity (vd) was measured in all tests according
to the procedure adopted by Mendes et al. [24,44]. Samples were
removed longitudinally to the detonation propagation (welding
direction) and prepared for metallographic analysis. The samples
were examined using a Leica DM4000M LED optical microscope
and a Zeiss Merlin VP Compact scanning electron microscope
equipped with EDS. The deformation and grain structure of the
weld interface was analysed by EBSD through an FEI Quanta
400FEG ESEM/EDAX Genesis X4M microscope equipped with OIM
Analysis software.

The mechanical integrity of the welds was analysed by tensile-
shear testing and microhardness. Localised microhardness mea-
surements (HV0.025 and HV0.01) were performed using an HMV-G
Shimadzu tester at the weld interface. The tensile-shear tests were
executed in quasi-static loading conditions (1mm/min), using a
100 kN universal testing machine, Shimadzu AGS-X. Three speci-
mens (removed longitudinally), designed similarly to that reported
by Carvalho et al. [12,13,19], were tested for both weld series. This
type of test was chosen due to the type of application for which the
component will be used, as well as to ensure comparison with
previous results. Similar specimens are found in standards, such as
in ASTM D3165, and previous works [19,45]. The strain fields of the
specimens were acquired by digital image correlation (DIC) using a
GOM Aramis 5M system. The methodology to prepare the speci-
mens to process/analyse the strain data is detailed in Leit~ao et al.
[46]. The fracture surfaces obtained during the tests were evaluated
by SEM.
3. Results and discussion

3.1. Welding results and weldability analysis

Table 2 presents the valuesmeasured for the detonation velocity
(vd) (which is the same as the collision point velocity (vc) for par-
allel welding configuration) and the values computed for the
impact velocity (vp). The impact velocity was calculated using
Gurney's equation for a one-dimensional problem in parallel
configuration (Eq. (1)) [47,48]. Despite being widely accepted, this
equation presents some limitations. It ignores the acceleration of
the flyer plate and hence represents only the terminal velocity
[47,49]. Thus, the proximity of the value calculated with Gurney's
equation and the real one depends on the STD chosen.



Fig. 1. Weldability windows. The blue area represents the Cu/SS window, and the red
area represents the SS/Cu weld series.
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by Cooper [50] for ideal explosives (

ffiffiffiffiffiffi
2E

p
¼ V=2:97) was used to

estimate this parameter. Some of the limitations of this approach
have been reported by Carvalho et al. [51]. An alternative process to
determine this parameter was presented by Mendes et al. [24].

There are different methods to establish the weldability win-
dow. Ribeiro et al. [52] discussed the weldability window concept,
reviewing the main equations used for its calculation. In the pre-
sent work, for the calculation of the minimum impact pressure
(represented by the lower limit), the equation based on Deribas and
Zakharenko's work [53] was used (Eq. (2)). In all equations, the
letters “f" and “b" (subscripts) indicate whether the property refers
to the flyer or base plate, respectively).
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where k is a constant related to the cleanliness and roughness of the
surface, HH is the hardness of the hardest material (Pa), rfb is the
average density between the flyer and base plate (kg/m3), and vC is
the collision point velocity (m/s).

The upper limit of the window represents the maximum kinetic
energy permissible to avoid excessive melting. Carpenter and
Wittman [54] formulate an equation to represent this phenomenon
(Eq. (3)) in their work.

vP ¼
1
N

�
Tmf,CBf

�1=2
vc

�
lf,cf,CBf

�1=4
�
rf,df

�1=4 (3)

where N is a constant, Tm is the melting temperature (�C), CB is the
bulk sound velocity (m/s), l is the thermal conductivity (W/(m$K)),
c is the specific heat (J/(kg$K)), r is the density (kg/m3), d is the
thickness (m), and vC is the collision point velocity (m/s). The
constant N was used according to Rosset's work [55].

The limit on the left refers to the minimum velocity to obtain a
wavy interface. This limit is not critical since the presence of waves
is not imperative for the welding to occur [48]. This limit was
calculated using Cowan's equation [56] in Eq. (4).

RT ¼
�
rf þ rb

�
,v2C

2,
�
Hf þ Hb

� (4)

where RT is the critical Reynolds number, r is the density (kg/m3), vC
is the collision point velocity (m/s), and H is the hardness (Pa).

The limit on the right represents the jet formation, essential for
a consistent weld. This limit is usually not a concern because the
welding is often performed at lower velocities. So, this limit was
simplified to the bulk sound velocity in the flyer plate. Loureiro
et al. [14] explained this simplification in more detail.

Fig. 1 shows the weldability windows calculated for each
welding series. The blue area represents the Cu/SS weldability
window, while the red area represents the weldability window of
the SS/Cu weld series. According to the weldability window theory,
the Cu/SS weld series has a better theoretical weldability because it
presents a broader area of suitable welding parameters to achieve a
consistent weld. The blue circle and the red triangle represent the
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location of the welds performed in the weldability windows ac-
cording to their welding parameters.

The welding of stainless steel and copper is very relevant for the
study of the explosive welding process. Stainless steel and copper
have notable differences in some of their physical properties, which
explain the importance of studying this combination when
compared to other dissimilar combinations. A pertinent combina-
tion to comparewith the present work is the welding of aluminium
and stainless steel (Al-SS) because of its particularities, especially
the differences in thermal conductivity of the materials. By ana-
lysing the present experiments and comparing them to other
studies about welding aluminium and stainless steel, it is possible
to affirm that welding copper and stainless steel is easier than
welding aluminium and stainless steel. The welding of copper to
stainless steel was consistent for both configurations (Cu/SS and SS/
Cu), presenting good bonding characteristics. On the other hand,
Al-SS welding is problematic when stainless steel is used as the
flyer plate [10].

In a previous work concerning Al-SS welding [10], the authors
addressed the issue of the low thermal conductivity of the flyer
plate (stainless steel) compared to the base plate (aluminium).
However, as the authors state, the differences in properties should
be analysed individually for each specific combination of materials.
Regarding copper to stainless steel, the differences in thermal
conductivity between the alloys are more significant than in Al-SS
welding. However, when analysing theweldability windowand the
experiments, this noticeable difference in thermal conductivity did
not represent an issue. Besides the thermal conductivity, the dif-
ferences in melting temperature and density between the
aluminium alloy and the stainless steel must be taken into
consideration regarding the low weldability in Al-SS welding. The
weldability is good when welding aluminium to aluminium
[51,57,58], despite the low density and melting temperature
because there is no difference in these properties between the flyer
and base plate. So, analysing the AleAl, Al-SS and Cu-SS welds
together, only the Al-SS combination proved to have very low
weldability. As the present work shows that Cu-SS has good
weldability, the weldability issue of the Al-SS combination is not
caused only by the difference in thermal conductivity.

In an AleAl similar weld, both materials have a low density and
melting temperature, but the welding is easy because the plates
have the same properties. So, the heat flux and heat at the interface
are distributed more uniformly. The weld does not have a signifi-
cant preferential heat flow or accumulation in some locations on
the interface, which could be caused by differences in the physical



Table 3
Analysis of the physical properties [61] compared to the weldability.

Thermal conductivity
(W/(m$K))

Melting
temperature �C

Experimental
weldability

flyer base flyer base

Al-Al [51] 247 247 660 660 Good
Cu-Fe [62,63] 398 80 1085 1538 Good
Fe-Cu [64,65] 80 398 1538 1085 Good
Cu-SS (present work) 398 16.2 1085 1400 Good
SS-Cu (present work) 16.2 398 1400 1085 Good
Cu-Al [16,51,66] 398 247 1085 660 Good
Al-Fe [12] 247 80 660 1538 Good/Average
Fe-Al [11] 80 247 1538 660 Average
Al-Cu [17,66] 247 398 660 1085 Average
Al-SS [10,12] 247 16.2 660 1400 Average/Poor
SS-Al [10] 16.2 247 1400 660 Poor
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properties of the flyer and base plate.
Carpenter and Wittman [54] stated that the thermal conduc-

tivity of the flyer is related to the dissipation of heat at the interface
to avoid excessive melting. That said, welding materials with sig-
nificant thermal conductivity differences will influence how the
heat will be distributed at the interface. The thermal conductivity
gradient for the Al-SS combination may cause a preferential heat
flux that leads to an accumulation of heat on the aluminium plate,
which has a very low melting temperature. Furthermore, the
presence of FexAly intermetallic compounds at the interface in-
tensifies this problem because they increase the interface's solidi-
fication time (and solidification range) during welding, which
decreases the weldability [11]. When these issues are acting
concurrently, it may significantly hinder the welding process. The
fact that the intermetallic phases present in AleFe combinations
are aluminium-rich [11,59,60] also supports this theory.

Thus, comparing Cu-SS welding to Al-SS welding, and despite
the notable difference in thermal conductivities between copper
and stainless steel, the melting temperature of the copper is not as
low as that of aluminium. Moreover, Fe and Cu do not form in-
termetallics under equilibrium, which increases the overall weld-
ability of the pair and results in better weldability than the Al-SS
pair.

Table 3 shows the melting temperature, thermal conductivity,
and the experimental weldability of many metallic combinations.
The data shows that when there is a significant difference in
thermal conductivity between the flyer and the base plate, together
with a material with a low melting temperature, the weldability is
poor. Especially when the material with a lowmelting temperature
is positioned as the flyer plate and the most conductive material
has a very low melting temperature, the heat will accumulate on
this material and favour an excessive melting. In other words, the
results suggest that when there is an uneven distribution of heat
and one of the materials being welded has a low melting temper-
ature, the welding is difficult.

3.2. Morphological analysis of the interface

The morphology of the interface of explosive welded joints is
one of the weld's most essential characteristics. Depending on the
alloys being welded, unetched samples are valuable to analyse the
morphological and geometrical aspects of the interface and the
presence of defects. Fig. 2 and Fig. 3 show the analysis by optical
microscopy using unetched samples. The images show a difference
in wave size between the two series of welds, both for wavelength
and height. Using stainless steel as the flyer (SS/Cu), the waves
present a greater wavelength and height. The Cu/SS presented an
averagewavelength of 430 mmand a height of 157 mm,while the SS/
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Cu series presented an average wavelength of 646 mm and a height
of 274 mm. The SS/Cu series presented a wavelength and height of
50% and 75% bigger, respectively.

It is known that the wavelength and height/amplitude increase
when the explosive ratio [25, 67e70], the stand-off distance
[70,71], and impact velocity increase [12]. However, the welds have
the same stand-off distance and explosive ratio; and the impact
velocity is lower for the weld with the biggest wavelength and
height. This suggests that, in this case, the difference inwavelength
and height is due to the positioning of the plates and not to the
welding parameters.

Prümmer [72] studied the wavelength and height/amplitude of
the interfacial waves of explosive welded joints. The author shows
that the usual equation for estimating these characteristics uses
mainly geometrical aspects such as the thickness of the plate and
the collision angle (which depends on the explosive ratio). How-
ever, the author suggests that, in order to estimate the wavelength
and amplitude more accurately, it is essential to consider the
properties of the materials as well. The fact that the experimental
results in the present work show a variation in wavelength and
height/amplitude using the same thicknesses of the plates and the
same ratio (consequently the same collision angle considering the
welding configuration) agrees with the theory proposed by
Prümmer [72].

Experimental studies to test the effects of each physical property
are not straightforward in explosive welding because there are
many process parameters and many phenomena occurring simul-
taneously. The resulting interface in explosivewelding is influenced
by several interconnected aspects, which makes its analysis very
important. In addition to the welding parameters, the physical
properties are of great importance because they influence almost
every aspect of obtaining a certain interface morphology and weld
quality. The density will directly influence the resulting kinetic
energy [73,74], the thermal conductivity will influence the tem-
perature distribution [54,75,76], and melting temperature will in-
fluence the deformation, presence of melting and formation of
intermetallic phases at the interface [54,75e77]. These inter-
connected factors synergistically influence the energy transferred
to the process, the deformation, heat transfer, metallurgical inter-
action and consequently the weld's final morphology and overall
quality [56,78,79]. One way to analyse these effects is to relate the
physical properties to experimental observation to investigate any
trend in the results that may be related to a property. Manymetallic
pairs and their tendency to have bigger or smaller waves have been
observed to do this type of analysis. Table 4 shows some metallic
pairs with results from the literature for alternative positioning
configurations (changing the positioning between the flyer and
base plate). The alloy that appears first on the identification is the
flyer plate (“Cu/SS”, for instance, indicates that the copper alloy is
the flyer, and the SS is the base plate). The table includes some
physical properties of the flyer (identified as F), the base plate
(identified as B) and the ratio between them (identified as R,
meaning the flyer property/base plate property). The objective is to
identify the properties that may influence the occurrence of smaller
or bigger waves depending on the positioning of the plates. Ana-
lysing the interface of welds of the same materials under different
positions allows us to evaluate the influence of the properties with
regard to the positioning. If a trend in the wavemorphology related
to the same properties for multiple metallic pairs is observed, it
may help to understand the properties that may instigate the in-
crease in the size of the waves.

By analysing the ratio of the properties in Table 4, it is possible to
identify a tendency in the results related to the density and
impedance. According to Grady's interpretation [80], in a simplified
way, the impedance of a material can be defined as the velocity at



Fig. 2. Unetched microstructure of the Cu/SS weld.

Fig. 3. Unetched microstructure of the SS/Cu weld.

Table 4
Ratio of some physical properties of metallic pairs.

Pair 1 Pair 2 Pair 3 Pair 4 Pair 5

Cu/SS SS/Cu Cu/Al [51,66] Al/Cu [17] Fe/Al [11] Al/Fe [12] Ta/Al [31] Al/Ta [36] SS/Ti [31] Ti/SS [32]

Melting Temperature (�C) F 1085 1400 1085 660 1538 660 3017 660 1400 1668
B 1400 1085 660 1085 660 1538 660 3017 1668 1400
R 0.78 1.29 1.64 0.61 2.33 0.43 4.57 0.22 0.84 1.19

Thermal Conductivity
(W/(m$K))

F 398 16.2 398 247 80 247 54.4 247 16.2 11.4
B 16.2 398 247 398 247 80 247 54.4 11.4 16.2
R 24.57 0.04 1.61 0.62 0.32 3.09 0.22 4.54 1.42 0.70

Density (g/cm3) F 8.96 8 8.96 2.7 7.87 2.7 16.4 2.7 8 4.5
B 8 8.96 2.7 8.96 2.7 7.87 2.7 16.4 4.5 8
R 1.12 0.89 3.32 0.30 2.91 0.34 6.07 0.16 1.78 0.56

Impedance
(kg/(m2$s)� 106)

F 38.3 36.4 38.3 14.5 36.5 14.5 55.6 14.5 36.4 22
B 36.4 38.3 14.5 38.3 14.5 36.5 14.5 55.6 22 36.4
R 1.05 0.95 2.64 0.38 2.52 0.40 3.83 0.26 1.65 0.60

Wave size Smaller Bigger Smaller* Bigger Smaller* Bigger Smaller* Bigger Smaller Bigger

Where the identifications F, B and R in the second column indicate whether the property belongs to the flyer (F), the base plate (B) or the ratio between them, i.e. the flyer
property/base plate property (R). “*” identifies welds without waves or with an essentially flat interface.
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which the propagating wave subsumes the mass of the body. For all
themetallic pairs, when the ratios of the density and impedance are
higher, the wave size is smaller. On the copper-stainless steel
combination, the copper alloy possesses the highest density and
impedance. So, when positioned as the flyer, the size of thewaves is
smaller thanwhen positioned as the base plate. The same tendency
occurs for all the other metallic pairs. The facts observed from these
studies must be cautiously analysed because they are independent
experiments, so there may be differences in some of the experi-
mental conditions and methods used.
92
This fact is crucial because it agrees with the issue raised by
Prümmer [72] decades ago that is the size of the waves is not
affected only by the welding parameters and geometrical aspects
(such as collision angle and thickness of the plates). Many in-
vestigations in the last few decades have addressed the effect of
geometrical characteristics and welding parameters [25,67e70].
However, no work details the effects of physical properties.
Although the physical phenomenon that explains this tendency is
unclear, this trend has been identified for all these pairs.

Despite these differences in wavelength and amplitude, the



Fig. 4. SEM analysis of the Cu/SS weld series.
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morphology type of the interface is the same (wavy) regardless of
the positioning of the SS and Cu plates. This happens because the
physical properties that significantly influence the morphology are
not extremely different between the plates. Carvalho et al. [51]
discuss these properties in more detail, addressing the wave
interface factor (WIF), which is influenced by the density and
melting temperature. The interfaces that were found agreewith the
WIF theory [51].

Another noteworthy characteristic found during the micro-
structural analysis is that independently of the position of the
plates (i.e. regardless of the positioning of the copper or stainless
steel plate), the wave is formed by the copper with the steel ma-
terial inside it (in vortexes) e Figs. 2 and 3. Carvalho et al. [19]
analysed the types of waves in many dissimilar EXW welds and
suggested that thematerial forming thewave is always thematerial
with the higher density and shock impedance. Many studies
confirm this theory [12,17,68,81,82]. The present results agree with
this theory because the copper alloy possesses a higher density and
impedance than the stainless steel. This behaviour has been
detected for many different metallic combinations such as AleMg,
AleCu, AleNb, AleFe, CueW, Ta-SS, TieCu, TieFe, Ti-SS, Zr-Fe [19].
The same study [19] introduces the impedance mismatch factor
(IMF), another morphological theory for EXW, which addresses the
type of waves in dissimilar welds: curled or typical. Despite both
combinations in the present work presenting an IMF for typical
waves, it is close to the threshold and the waves are slightly more
curled and less symmetrical. Table 5 shows the results for the WIF
and IMF. It indicates that the expected interface is wavy, with
typical waves, in agreement with the experimental results.

The three features studied (type of morphology, type of waves
and size of thewaves) represent some of the most critical aspects of
the interface. It is noteworthy that these three characteristics seem
to be related to density, impedance and melting temperature. In
particular, the density (and indirectly the impedance, since it de-
pends on the density) is related to those three aspects. The study by
Cowan et al. [56], one of the most important studies regarding the
morphology of the interface, also addresses the density and in-
cludes the hardness. With that being said, it is possible that a more
general and broad equation analysing all these properties and
relating all these studies could be developed.
Fig. 5. SEM analysis of the SS/Cu weld series.
3.3. Microstructural analysis

Fig. 4 and Fig. 5 present the SEM images of both weld series. It is
possible to detect some plastic deformation, especially for the
copper alloy, there are also vortex regions next to the waves (ar-
rows). The welding between the copper and stainless steel repre-
sents the interaction mainly of iron, copper and chromium. It is
essential to highlight that the FeeCu equilibrium diagram does not
foresee the formation of intermetallic compounds [83]. Addition-
ally, under equilibrium, chromium (which is the second most pre-
sent element after Fe in the SS alloy - approximately 18% in weight)
also does not form intermetallic phases with copper [83]. Regarding
the interaction of chromium and iron, the sigma intermetallic
Table 5
Calculation of the WIF and IMF.

WIF theory [51]
>5.1 the interface is flat
<4.2 the interface is wavy

IMF
>0.3
<0.2

WIF value [51] Expected morphology IMF

Cu-SS 0.87 Wavy 0.05
SS-Cu 1.15 Wavy 0.05
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phasemay precipitate, but this transformation is much less likely in
EXW.

It should be noted that EXW is a welding process that occurs
under extreme conditions that may lead to transformations outside
the equilibrium represented by the phase diagrams. So, non-
equilibrium phases may form. However, both FeeCu and CreCu
combinations do not form intermetallic phases under equilibrium
(a fact supported by their phase diagrams), suggesting that
theory [19]
1 the wave is curled
1 the wave is typical

value [19] Expected type of waves Result

2 Typical Typical waves (Fig. 2)
0 Typical Typical waves (Fig. 3)



Fig. 6. Microhardness measurements at the interface of the Cu/SS weld (HV0.01).

Fig. 7. Microhardness measurements at the interface of the SS/Cu weld (HV0.01).
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intermetallic formation is unlikely. EDS and EBSD analysis com-
bined with microhardness measurements were done at these vor-
tex regions to verify this fact.

Table 6 shows the results of the EDS analysis and the micro-
hardness at the interface. The Cu/SS weld series presented a range
of 158e237 HV at mixed regions at the interface, while the SS/Cu
weld series presented a range of 140e213 HV. The samples also
presented some measurements with a significant increase in
hardness in the stainless steel due to the plastic deformation/work
hardening next to the interface, typical for the EXW process. Fig. 6
and Fig. 7 show some of themicrohardnessmeasurements. The EDS
semi-quantitative chemical analysis confirms it is a mixed region.
The microhardness is higher than the hardness of the base mate-
rials before welding, but as showed in previous works, both the
copper [16,51] and the stainless steel [10,13] present a significant
increase in hardness after the impact. That said, the values obtained
at the interface range between the hardness of copper and stainless
steel after welding. So, the measurements do not suggest the for-
mation of a brittle intermetallic compound and no cracks were
observed. Using the EBSD technique, the presence of intermetallic
phases was also not detected. Therefore, none of the results ob-
tained indicates the presence of brittle intermetallic phases at the
interface. Fig. 8 and Fig. 9 show the locations of the EDS analyses.

An EBSD analysis was performed to complement the micro-
structural analysis. Fig. 10 and Fig. 11 present the inverse pole
Fig. (IPF) maps, indicating intense deformation at the interface. The
deformation in explosive welding is important to promote good
metallurgical bonding between the materials, and a wavy interface
is reported to be the most favourable interfacial morphology.

In both welds, it is possible to identify the formation of waves,
the presence of elongated plastically deformed grains, and grain
refinement in regions close to the interface line (Figs. 10 and 11).
The phenomenon of grain refining has already been identified in
other works [38,77,84,85]. Some authors [38,65] explain that this
grain refinement at the interface is due to significant plastic
deformation caused by the severe conditions of the explosive
welding process, such as high pressure and its singular thermal
cycle. Regardless of the position in the weld, the elongated grains
are present in greater quantity on the copper side of the interface,
while on the stainless steel side, there is a more significant pres-
ence of refined grains. The two weld series did not present signif-
icant differences between them.

The microstructure and morphology of the weld interface are
crucial in EXW, as they are the result of the combination of all
factors and phenomena of the welding process. The results show
that physical properties play a fundamental role in the process, as
they influence the thermal, mechanical, and metallurgical condi-
tions experienced at the weld interface. This analysis becomes
more complex in the case of dissimilar joining because metallur-
gical compatibility issues must also be considered in addition to all
the phenomena already inherent to the process. Moreover, each
material has its physical andmechanical properties, and to separate
the individual contribution of each material, i.e. to separate the
individual contribution of the flyer plate and the base plate, is
extremely difficult.
Table 6
Properties of the mixed region.

Weld Figure Zone Chemical composition (atomic %)

Cu Fe Cr

Cu/SS Fig. 8 A 4.40 68.90 17.5
B 73.17 18.78 5.45

SS/Cu Fig. 9 C 88.76 7.35 2.14
D 3.64 69.60 18.0
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3.4. Mechanical integrity

Table 7 shows the results of the tensile-shear tests. The weld
series presented similar results concerning the strength of the
joints and the behaviour of the fracture. All tests fractured outside
theweld, always in the copper plate (the flyer in the Cu/SSweld and
the base plate in the SS/Cu weld). Linse and Temple [86] indicate
that excessively large waves may be detrimental because the small
pockets of jet material located on their front and back slopes (see
the arrows in Figs. 4 and 5) would be larger. So, with larger melted
Microhardness range at the interface

Ni Si

4 7.74 1.42 158e237 HV0.025
2.60 e

1.75 e 140e213 HV0.025
4 7.76 0.96



Fig. 8. SEM images of the Cu/SS weld.

Fig. 9. SEM images of the SS/Cu weld.

Fig. 10. Inverse pole Fig. map from the EBSD analysis of the Cu/SS weld. For compar-
ison purposes, the image was rotated (stainless steel is facing upwards).

Fig. 11. Inverse pole Fig. map from the EBSD analysis of the SS/Cu weld.
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zones, a higher number of shrinkage voids, small cracks and other
discontinuities that reduce strength and ductility may be present
[38]. However, despite the differences inwave size between the Cu/
SS and SS/Cu welds, all specimens from both series fractured
outside the weld region in the tensile-shear tests. Therefore, the
results suggest that the wave size and the weld interface's
morphological characteristics are not related to the difference in
mechanical properties. It is also worth noting that the difference in
mechanical properties is not large.

Fig. 12 and Fig. 13 show the DIC pictures at the maximum load
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and a picture after the fracture. As reported above, the fractures
occurred in the copper alloy, and the deformation is also concen-
trated in the same alloy. This happens due to the low strength of the
copper alloy compared to the stainless steel. The SEM fracture
analysis indicates that both welds presented ductile fractures, with
the typical dimples. Fig. 14 shows the aspect of the fracture of the
Cu/SS weld series. The fractures were analysed, and a 100% ductile
fracture surface was found for all samples. As Carvalho et al. [12]
stated, favourable interfacial morphologies may improve the me-
chanical performance of the weld. As Figs. 2 and 3 show, a regular
wavy interface was found for both weld series. Further, the absence



Table 7
Results of the tensile-shear tests.

Weld Range of Maximum loads (kN) Fracture region Fracture mode

Cu/SS 12.7 to 13.6 Outside the weld (copper flyer plate) Ductile
SS/Cu 12.3 to 13.1 Outside the weld (copper base plate) Ductile

Fig. 12. DIC of the Cu/SS weld.

Fig. 13. DIC of the SS/Cu weld.

Fig. 14. SEM analysis of the fracture surface of the Cu/SS weld. Both weld series pre-
sented the same fracture mechanism.
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of brittle IMCs is a positive fact regarding the overall ductility of the
joint. The combination of the absence of IMCs and, especially, a
favourable interface resulted in a very good mechanical
performance.
4. Conclusions

The aim of the present work was to analyse the phenomena of
the explosive welding process through the dissimilar welding of
two materials with a significant contrast in thermophysical prop-
erties: stainless steel and copper. The following conclusions were
drawn:
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(1) Sound Cu/SS and SS/Cu welds with excellent mechanical
behaviour can be achieved using an ANFO-based explosive
mixture. The non-formation of intermetallic phases at the
weld interface has a positive effect on the weldability of this
welding pair;

(2) The weldability of dissimilar pairs was found to be strongly
influenced by the physical properties of the materials, but it
is more dependent on the mismatch of the materials prop-
erties being welded than on the value of the properties itself.
When there is a significant difference in thermal conduc-
tivity between the flyer and the base plate, together with a
low melting temperature material, the weldability of that
pair of materials is often poor;

(3) The relative position of the plates has some influence on the
weld interface even when similar morphologies are found.
The interfacial waves of the SS/Cu welds have a higher
height/amplitude and wavelength than those of the Cu/SS
welds;

(4) For the metallic pairs studied, the wave size was found to be
bigger for the configuration in which the ratio between the
density of the flyer and the density of the base plate is
smaller. The same phenomenon was observed for the shock
impedance: bigger waves were found for a smaller ratio
between the impedance of the flyer and the impedance of
the base plate.
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