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Abstract. Explosion welding is a solid state joining process that allows the manufacturing of
corrosion resistant structural composite materials in the form of plates. In the present work,
composite bimetal plates of AL-6XN superaustenitic stainless steel and ASME SA516-70 carbon
steel produced by explosion welded were studied. Post-weld annealing for stress relief was
conducted at 600 °C for 30min and the materials were examined in both the as welded and heat
treated conditions. The microstructure of the weld was characterized by optical and scanning
electron microscopy and the variation of hardness across the cladded interface was determined by
applying Vickers microhardness. The residual stresses generated by the explosion welding process
were analyzed by X-ray diffraction using the sin®y technique. The cladded interface exhibited a
wavy morphology, characteristic of high bonding strength in explosion welds and the variation of
hardness was found to be strongly influenced by strain hardening at the cladded interface. Elevated
tensile stresses (700 = 30 MPa) were present after explosion welding. Application of the proposed
heat treatment allowed for significant stress relaxation, with a final tensile stress of 93 + 10 MPa.

1. Introduction

Explosion welding is a solid state welding technique employed for producing composite metal
plates which relies upon the energy released by the detonation of an explosion to bring metal
surfaces into intimate contact. The technique can be applied for joining large surfaces of dissimilar
metals and the joints obtained by explosion welding are considered to have high mechanical
strength, very narrow (if any) heat affected zones and, since bonding occurs in the solid state, some
of the problems arising from fusion welding processes, such as formation of brittle intermetallics,
are avoided [1]. In the usual configuration, the metal parts to be joined by explosion welding are
normally called flyer and base plates. The materials are initially supported by a frame and kept
separated by a predetermined standoff distance. An explosive is placed on top of the flyer plate
which is accelerated towards the base plate after detonation. Upon impact, the colliding surfaces
become plastic which promotes hydrodynamic flow of the metals in the form of a high velocity jet
that sweeps impurities away from the interface, thus assisting the establishment of a strong
metallurgical bond [1-4].

The performance of cladded plates (as other welds) can be influenced by residual stresses formed
during the welding process, which may cause e.g. dimensional instability during cutting or
machining operations. In general, residual stresses arise in welding processes due to inhomogeneous

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)


https://doi.org/10.4028/www.scientific.net/AMR.996.451

452 Residual Stresses IX

temperature distributions. At the bonding interface, temperatures are significantly higher than in the
base materials. This is true also for explosion welding process, due to partial conversion of the
elevated impact energy to heat which may indeed produce local melting and/or annealing in the
vicinities of the interface [5]. Thus, upon cooling, the regions near the cladded interface tend to
contract while hindered by the surrounding base material. This may lead to elevated tensile stresses
close to the welding interface with balancing compressive stresses throughout the parent metals [6].
In the case of dissimilar materials, residual stresses are further enhanced by differences in elastic
properties and Coefficient of Thermal Expansion (CTE) among the base materials [7]. This has led
to a number of recent investigations with the objective of determining residual stresses in clad plates
produced by explosion welding [8-12] and studying stress relief treatments [13-15]

In the present contribution, an investigation of the microstructure and residual stresses formed as
a consequence of the explosion welding process applied for the production of ASME SA516-70
steel and AL-6XN (UNS N08367) steel bimetal plates is proposed. The ASME SA516-70 steel is a
carbon steel intended primarily for service in welded pressure vessels, while AL-6XN is a
superaustenitic stainless steel (24%Ni, 22%Cr, 6.3%Mo), for pressure vessels and general
applications. The main objectives of this work are to quantify the residual stresses introduced in the
cladded plates as a result of the explosion welding process and to analyze the impacts of post weld
annealing on the microstructure, properties and the residual stress state of the cladded materials.

2. Experimental Procedure

Materials. Plates of ASME SA516-70 carbon steel and AL-6XN superaustenitic stainless steel
were explosion welded in parallel configuration with the ASME SA516-70 steel being the base
plate and the AL-6XN stainless steel being the clad metal or flyer plate. Prior to welding, both steel
plates were inspected for surface defects and ground in order to increase contact area and assist the
bonding process. The final dimensions of the composite plates were 762x330x31.6 mm. The
welding procedures were carried out by Dynamic Materials Corporation (US).

Stress relief heat treatment. Post weld heat treatment for stress relief was carried out in a
conventional furnace (with no controlled atmosphere) at 600°C for 30 min. After annealing, the
samples were removed from the furnace and air-cooled. The temperature was selected in order to
minimize microstructure modifications (e. g. grain growth, phase transformations) of both materials.

Microstructure analysis. Samples for microstructure analysis were prepared by mechanical
grinding followed by polishing in 6 and 3 um diamond suspensions. Etching of the AL-6XN steel
was accomplished by using Aqua Regia (nitro-hydrochloric acid) while a 2% Nital solution was
used for etching the SA516-70 carbon steel. Observation of the microstructure was performed by
applying Optical Microscopy (OM) and Scanning Electron Microscopy (SEM). Quantitative
chemical composition analysis was carried out by using the Energy-Dispersive X-ray spectroscopy
(EDX) technique.

Microhardness measurements. Vickers microhardness measurements were performed over
cross sections of the cladded interface with a 100 gf load (HVO0.1) and 15 s holding time. In total,
three microhardness profiles were measured and the average values were determined. The first
hardness measurement of each profile began 0.05mm beneath the AL-6XN steel surface and
subsequent measurements were performed in 0.2mm steps.

Residual stress analysis. Residual stress analysis was performed by X-ray Diffraction (XRD) on
a 60x60x20 mm piece which was removed from the original welded joint. A laboratory source
operating with Co K, radiation was used and the 2x2mm X-ray beam was focused in the center of
the AL-6XN surface. The sin®y method was applied with equally spaced v intervals between 0 and
71.57°. The reflections from the austenite (222) and (311) lattice planes were selected for
measurement and residual stress analysis. The elastic constants for each reflection were determined
by applying the Hill model and the residual stresses were computed for each lattice plane
individually. The final residual stress values were obtained by averaging the reflection specific
values.
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The microstructure of the SA516-70 base side of the cladded plate.

material consists of fine equiaxed ferrite grains and pearlite colonies, as seen in Fig. 2(a). The
cladded interface exhibits the wavy morphology which is typical of explosion cladding. As noticed
for the AL-6XN side of the weld, the microstrcutrue also changes significantly as the distance to the
interface decreases to approximalty 100 um. A detailed view of the SA516-70 microstructure
obtained by SEM is presented in Fig. 2(b). Both ferrite and austenite grains (from the SA516-70 and
AL-6XN steels, respectively) appear in dark contrast while pearlite appears in bright contrast. From
Fig. 2(b) it can be seen that ferrite grains and pearlite colonies appear to become elongated and
aligned with the interface. Such features are also indicative of intense plastic deformation occurring
at the cladded interface. The microstructure of the cladded interface after heat treatment at 600 °C
for 30 min is presented in Fig 3 which clearly shows the presence of fine equiaxed grains at the
carbon steel side forming a continuous seam along the interface. This is an indication of
recrystallization taking place due to the elevated amount of strain energy in the bond region.
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Figure 2: Micrographs from the SA516-70 steel side of the as welded cladded interface (Nital 2 %
reagent): (a) overview by OM and (b) detailed view by SEM (pearlite colonies appear in bright
contrast).

The variation of chemical composition across the cladded interface was analyzed by SEM
coupled with EDX and the results, for the heat treated condition, are presented in Fig. 4. The
position of the line scan is indicated by the dotted line and the chemical composition is presented in
terms of the concentration of Fe, Cr, Ni, C and Mo. In the micrograph presented in Fig. 4 a third
region is indicated by “A” and “B” labels which possesses a different contrast compared to the
SA516-70 and AL-6XN steels, probably due to differences in composition. In the SA516-70 base
material EDX reveals negligible amounts of Ni, Mo and Cr, and an Fe concentration of
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approximately 96%. In the intermediate regions,
Fe, Cr, Ni and Mo average concentrations are,
respectively, 67, 13, 15 and 3%, whereas in the
AL-6XN base material the average Fe, Cr, Ni
and Mo concentrations are 44, 21, 23 and 8%.
The highlighted particle, therefore, presents an
intermediate chemical composition in relation to
the base materials. It is likely that this region was
formed by melting and mixing near the cladding
interface during the explosion welding process.
The melted zone is, however, localized and
throughout the remainder of the interface a sharp
transition is observed between parent materials |
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Microhardness. Hardness measurements Figure 3: Microstructure of the cladded

were performed across the cladded interface and interface after heat treatment at 600 °C for 30
the results are presented in Fig. 5, for both as min.

welded and heat treated conditions. The hardness values of the base materials prior to the welding
process, indicated by the dashed lines, were 196 and 218HV for the SA516-70 and AL-6XN steels,
respectively. After welding, the maximum hardness value (465HV) occurs at the bond interface on
the AL-6XN stainless steel side of the joint. The values obtained at the interface are in agreement
with other reports on the explosion welding of austenitic stainless steels [16-17]. According to these
studies, the observed increase in hardness is due to strain-hardening caused by the plastic
deformation at the interface between the two steels. Hardness decreases as the distance from the
weld centerline increases and the average hardness values of the AL-6XN and SA516-70 base
materials are 270 and 217HV, respectively. After heat treatment, no relevant change in hardness can
be observed, probably because the annealing time (30 min) was too short for significant grain
growth processes to take place.

— — 100
A It e i
- 4180
SA516-70 A iy
L T“\ 4 Fe J 0IEI
- - Cr T 60 :‘g
e Sty — 4~ Ni ] o
i —v—C 1 40 ¢
Mo ] §
m - 20 8
N L oW Vo W e ¥

0
0 30 60 90 120 150 180

Distance [um]
Figure 4: SEM micrograph of the cladded interface after stress relief with variation of chemical
composition determined by EDX analyses.
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thermal expansion than the AL-6XN steel.
Therefore, the residual stresses arise due to CTE
mismatch between the AL-6XN (austenitic matrix) Figure 6: Results of the residual stress analysis
and SA516-70 steel (formed of ferrite and performed on the AL-6XN side of the cladded
pearlite), in addition to the thermal cycles to which ~ Plates in as welded and heat treated conditions.
welded materials are subject. After heat treatment, significant stress relaxation occurs and the
average residual stress value is of 93 £ 10 MPa. This is consistent with the results presented in Fig.
3, which showed recrystallized grains near the cladded interface after heat treatment. The
occurrence of recrystallization near the bond region at the SA516-70 side suggests that diffusion
processes might have taken place during the heat treatment within the AL-6XN cladding, thus
relieving the residual stresses. Its duration appears, however, to be short to reduce the strain
hardening of the cladding (Fig. 5).

sin’y

4. Conclusions

Explosion welding was successfully applied to produce composite sheets of AL-6XN
superaustenitic stainless steel and ASME SA516-70 carbon steel. Microstructure analysis revealed
the presence of a wavy interface with strong bonding between the two steels, as well as refinement
of the grain structure and intense plastic deformation close to the cladded interface. The hardness
profile across the welded joint was influenced by strain-hardening taking place during the welding
process. Residual stress analysis performed on the AL-6XN side of the composite sheet revealed the
presence of tensile stresses of 700 + 30 MPa. Application of the proposed heat treatment allowed
for considerable relaxation of the residual stress level present in the cladded plates to 93 + 10 MPa.
The heat treatment did not, however, decrease hardness in the cladding.
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