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A B S T R A C T   

Heterogeneous, partially recrystallized (PRX) microstructures have recently been used to improve strength- 
ductility combinations in high-entropy alloys. However, these microstructures are incompatible with conven
tional joining processes that require melting or prolonged exposure to elevated temperatures. This work presents 
an initial exploration of solid state joining in this challenging condition using vaporizing foil actuator welding 
(VFAW) applied to PRX equiatomic alloy CrCoNi.   

1. Introduction 

Single-phase high- and medium-entropy alloys (HEAs, MEAs) such as 
the equiatomic CrMnFeCoNi or CrCoNi systems have been recognized 
for their outstanding ductility, fracture toughness, and high work 
hardening rates [1–3], but recent work has focused on enhancing their 
modest yield strengths through thermomechanical processing. 
Cold-rolling and annealing to produce a partially recrystallized (PRX) 
microstructure has been shown to enhance the yield strength while 
preserving acceptable ductility in CrCoNi [4,5], CrMnFeCoNi [6], and 
(Cr,Co)-rich commercial Ni-base alloy Inconel 740H [7]. High work 
hardening rates and the success of the PRX strategy are apparently the 
product of low stacking fault energies, which promote deformation 
twinning and in some cases deformation-induced phase transformations. 

Despite these encouraging improvements in yield strength, the PRX 
alloys are likely to be incompatible with conventional joining tech
niques. High yield strengths in these alloys depend intimately on 
microstructural features generated during prior deformation (e.g., 
deformation twins, twin/ε-martensite lamellae, and dislocation locks). 
Exposure to elevated temperatures results in recrystallization of the 
material, which can begin above approximately 580 ◦C for heavily cold- 
rolled CrCoNi [5]. In conventional welding processes, recrystallization 
in the heat-affected zone and full melting and re-solidification of the 
weld metal eliminates the carefully engineered PRX microstructures 
described in recent publications. It is imperative to examine alternative 

joining techniques if these ultra-high strength materials will be consid
ered for industrial applications. To the authors’ knowledge, no studies 
have been performed to assess whether PRX microstructures can be 
retained after joining. 

Significant progress has recently been made in developing solid-state 
joining methods that dramatically reduce thermal input and do not 
require melting of the base components. Although friction stir welding is 
the most prominent example [8], the vaporizing foil actuator welding 
(VFAW) method has also been used to join strong, dissimilar alloys with 
heat-sensitive microstructures [9–11]. VFAW forms metallurgical bonds 
using high-velocity impacts between workpieces and imparts substantial 
deformation and jetting off the nascent surface near the bond line. In 
addition, such shocks can be used for surface modification, similar to 
laser shock, or shot peening. For example, the vaporizing foil actuator 
technique was used to develop a shock wave to introduce extreme 
twinning and surface hardening in austenitic stainless steel 316L [12]. 
The potential benefits of the technique for PRX alloys are clear: not only 
is heat input minimal, but additional deformation imparted at the bond 
line may make the weld stronger than the PRX base metal. VFAW is 
typically used with foil or thin sheet flyer plates up to 10 mm which can 
be joined to targets of arbitrary thickness. Vaporizing Foil Actuators 
(VFA’s) can also be used to generate impulse for numerous other 
manufacturing techniques such as tube and flange welding, as well as 
forming, shearing, and embossing of thin sheets [9]. 

This work explores the use of VFAW to join partially recrystallized, 
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equiatomic CrCoNi. The microstructure and tensile properties of this 
condition have previously been reported [5], and it exhibits outstanding 
combinations of tensile yield strength and ductility. In this study, the 
amenability of PRX microstructures to undergo solid-state joining is 
assessed for the first time. 

2. Materials and methods 

For this work, equiatomic CrCoNi alloy was cast, homogenized under 
vacuum at 1200 ◦C for 24 h, cold-rolled to 70% reduction in thickness, 
and annealed in air at 600 ◦C/1 h. Additional processing details and the 
microstructure and tensile properties of this condition have previously 
been reported [5]. In the previous work, this produced a recrystallized 
area fraction of 39%, yield strength of 1112 MPa, ultimate tensile 
strength of 1269 MPa (engineering stress) or 1336 MPa (true stress), and 
total elongation of 23%. 

The setup for VFAW is shown in Fig. 1 and has been described in 
detail by Vivek et al. [13]. In summary, a metallurgical bond is formed 
between two components with one component designated as the 
“target” and the other designated as the “flyer”. The target remains 
stationary while an intense, pulsed current is passed through an 
aluminum foil, which vaporizes and propels the flyer into the target at 
high velocity. For this work, coupons of PRX CrCoNi were prepared by 
electrical discharge machining with dimensions of approximately 10 
mm (width) x 25 mm (length) x 0.8 mm (thickness) and used as both 
target and flyer. EDM and oxide layers on the joining faces were 
removed using 240, 400, and 600-grit silicon carbide paper. Welds were 
produced using aluminum foil actuators with thickness 0.0762 mm, and 
a Maxwell Magneform capacitor bank system, which discharged 4 kJ 
over a nominal short-circuit rise time of 12 μs. The standoff distance 
between the flyer and target (illustrated in Fig. 1) was 1.6 mm and 
standoff sheets were separated by an in-plane distance of 6.15 mm. 
Photonic Doppler velocimetry [14] measured a flyer velocity of 
approximately 0.432 km/s, corresponding to kinetic energy on impact of 
approximately 1.18 kJ. Metallographic analysis was performed on one 
sectioned weld coupon using a Thermofisher Scientific Apreo scanning 
electron microscope (SEM), with electron-backscatter diffraction 
(EBSD) performed using TSL OIM 8 software [15]. Three additional 
specimens were subjected to peel testing using an MTS 810 mechanical 
testing frame at a cross-head speed of 0.0166 mm/s until specimen 
failure. As shown in Fig. 1, VFAW welds characteristically have small 
unbonded areas at the center of the bond line. 

3. Results 

The microstructure produced by VFAW is shown in Fig. 2. Fig. 2a 
shows a schematic representation of the flyer and target after joining. 
The bond interface had a predominantly wavy structure, which is 
characteristic of impact welds [16]. At the center of the joint, the 

interface was flat (and presumably unbonded) over about 2% of the total 
interface length. Fig. 2b shows a low-magnification SEM image of the 
wavy structure, which had wavelengths between approximately 30–60 
μm. 

Fig. 2c through 2f show the microstructure at the bond line in greater 
detail. As noted previously, the initial (pre-welding) microstructures of 
both the flyers and targets were partially recrystallized. Previous work 
has shown that non-recrystallized grains retain high dislocation den
sities and deformation twins, in contrast to very low dislocation den
sities in recrystallized grains [17]. At distances from the bond line of 
about 20 μm or greater, this base microstructure (Zone 1 in Fig. 2c–e) 
was visually unaffected by welding, which suggests a much smaller 
process zone than in conventional fusion welds with heat-affected zone 
widths on the order of millimeters [18]. 

Aside from the base PRX microstructure (Zone 1), three additional 
zones were observed following the welding process (Zones 2, 3, and 4). 
Zone 2, which had a typical width of approximately 10 μm, occurred on 
each side of the bond line and was severely deformed. As shown in the 
EBSD inverse pole map of Fig. 2c, plastic deformation was too extreme to 
index the crystallographic orientations in this zone. Manual examination 
of corresponding electron backscatter diffraction patterns from Zone 2 
indicated that no visually discernible patterns were produced, likely due 
to extreme refinement of the deformation substructure and overlapping 
crystal orientations at length scales below the spatial resolution of the 
technique. 

The remaining Zones 3 and 4 contained two distinct populations of 
recrystallized grains with different size distributions. Zone 3 contained 
relatively coarse elongated grains with sizes on the order of 1 μm. These 
were non-equiaxed and typically perpendicular to the curved bond line. 
These features are consistent with a re-solidified structure, which is 
often seen in isolated pockets in impact welds. Although a minimum 
velocity must be achieved to produce a robust metallurgical bond, future 
optimization may include using less energy to eliminate the relatively 
coarse recrystallized grains. 

In contrast to Zone 3, the grains in Zone 4 were much finer and did 
not exhibit any apparent preferred growth direction relative to the bond 
line. Similar nanocrystalline regions have previously been observed in 
dissimilar metal VFAW between aluminum alloy 6111-T4 and DP980 
steel [11]. This was attributed to deformation-induced dynamic 
recrystallization, which has also been observed following other modes of 
severe plastic deformation [19]. As estimated from EBSD measurements, 
the nanocrystalline grains in Zone 4 had typical sizes on the order of 
10–100 nm with the largest grains reaching sizes up to about 500 nm. 

Peel testing of the sectioned, welded coupons indicated strengths of 
approximately 60–100 N/mm (applied load P divided by specimen 
width w). A photograph taken during peel testing is shown in Fig. 3a 
with test results shown in Fig. 3b. Variability in the tests was caused 
predominantly by disparities in sample geometry and incomplete 
bonding on some parts of the welds. Peel strengths are typically reported 

Fig. 1. Schematic representation of the VFAW process. The target and flyer, both PRX CrCoNi, are initially separated by the stand-off distance. A pulsed current 
vaporizes the aluminum foil and the resulting pressure propels the flyer into the target at high velocities, resulting in a solid-state weld between the two coupons of 
PRX CrCoNi. 
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as units of force divided by specimen width (e.g., N/mm) because the 
specimen geometry produces a sharp crack-like feature that spans the 
width of the test coupon. Further, the stress is highest near the tip of the 
crack-like feature. The welded areas on each coupon were estimated 
from optical micrographs after testing to calculate the peel stress (N/ 
mm2). When normalized by the total area of welded material, the 
apparent scatter in the load-displacement curves is substantially reduced 
(Fig. 3b, inset). The peel stress values cannot be compared to values 
obtained by uniaxial tensile testing because the load is not uniformly 
distributed over the cross section. 

The load-displacement curves exhibited signatures consistent with 
stable ductile tearing through the duration of the test, including one case 
where stable tearing appeared after a crack “pop-in” and subsequent 
crack arrest, as shown in Fig. 3b. No load-displacement signatures 
consistent with brittle failure were observed, and the samples’ load 
response demonstrated significant plastic yielding prior to the onset of 
interface tearing. These observations support the hypothesis that as- 
welded VFAW welds retained many of the mechanical property bene
fits of the base material and avoid the interfacial strength debits com
mon in traditional fusion weld interfaces. 

Fracture surfaces following peel testing are shown in Fig. 4. Failure 
predominantly occurred by micro-void coalescence, which is a ductile 
fracture mode. Fig. 4a and b also show periodic variations in surface 
topography consistent with the wavy interface shown in Fig. 2b. This 
suggests failure occurred along the bond line. In some locations, micro- 
voids were much finer and only visible at high magnification, which 
likely reflects the nano-scale recrystallized grains in Zone 4 of the weld. 
A faceted second phase was observed in some rupture dimples (Fig. 4c 
and d). SEM energy-dispersive X-ray spectroscopy identified chromium 
and oxygen enrichment in these particles, which were also visible in the 
as-welded profile prior to testing (Fig. 4e). The presence of these sec
ondary phases at the fracture surface indicate they may play a role in 
failure initiation, although this may be conflated with lower local 
strength due to the presence of coarse recrystallized grains along the 
bond line. 

4. Discussion 

The good strength/ductility combination of the welded PRX material 
may originate from composite-like behavior that has previously been 

Fig. 2. Microstructure of a VFA weld between PRX CrCoNi coupons. (a) Schematic representation of the weld joint. The interface is wavy on both ends with a small 
flat region in the center. (b) SEM image of the wavy interface. (c) EBSD inverse pole figure map showing four distinct microstructural zones described in the text. (d) 
and (e) SEM-BSE overview images of the four distinct microstructural zones. (f) Nano-scale recrystallized grains in Zone 4. 

C.E. Slone et al.                                                                                                                                                                                                                                 



Materials Science & Engineering A 818 (2021) 141425

4

demonstrated by the PRX base metal. Slone et al. have shown that non- 
RX grains behave like hard inclusions in a relatively soft matrix of fine 
RX grains. This generates a composite-like response despite its uniform 
composition and single-phase condition [5]. For the welded material in 
this work, the process zone around the bond line consists of a continuous 
boundary layer of extremely hard grains (Zone 2) surrounding softer 
recrystallized grains (Zones 3 and 4). Although the hardness was not 
directly measured in these areas, the relative hardness is known based 
on the degree of deformation and work hardening, which was qualita
tively assessed from EBSD measurements. The nanocrystalline grains in 
Zone 4 may also have significantly elevated strength due to the 
Hall-Petch effect. The wavy morphology of the interface may strengthen 
the weld in Mode I or Mode II loading, since layered RX and non-RX 
grains would be oriented perpendicular to the crack-opening or 
shearing direction. Furthermore, it is expected that other extrinsic 
toughening mechanisms may enhance the ability of the CrCoNi alloy to 
withstand fracture, such as nano-twin crack bridging that has been re
ported in the equiatomic CrMnFeCoNi alloy [20]. 

It should also be noted that local strength in Zone 2, which was even 
more severely deformed than the base metal, is expected to be excep
tionally high. This follows from the extreme refinement of the deformed 
microstructure via mechanical twinning, twin/ε-martensite lamellae, 
and other dislocation locks. As previously demonstrated in stainless steel 
alloy 316L, there may also be an opportunity to use the VFAW technique 
with lower input energies to shock harden the alloy surface [12]. 

Crack initiation during peel testing may have occurred at hard, 
brittle chromium oxide particles at the bond line. Although some oxide 
particles were sparsely distributed through the base PRX metal, the 
oxides at the bond line were surrounded by recrystallized material and 
most likely formed during welding. During impact between the flyer and 
target, a solid jet is developed that removes the external surface and can 
throw hot fragmented metal outward in front of the contact point. This 
jetting may rapidly produce an oxide that ejects and is deposited in the 
soon-to-be-bonded surface. This is a possible explanation for the 
entrained chromia particles. Welding in an inert gas environment may 
mitigate this effect. Additionally, reducing the input energy, velocity of 
the flyer, and heat generated on impact may minimize the degree of 
melting and recrystallization at the bond line, further strengthening the 
welds. 

5. Conclusions 

In summary, this work presents the first demonstration of a solid- 
state joining technique on a multi-principal element alloy with a het
erogeneous partially recrystallized (PRX) microstructure. Use of vapor
izing foil actuator welding produced robust metallurgical bonds without 
inducing widespread recrystallization of the base metal. Three distinct 
regions around the bond line were identified in addition to the base 
metal. The entire process zone exhibited total widths on the order of 
approximately 40 μm, which is much finer than heat affected zones in 
conventional welding processes. Peel testing showed ductile fracture 
indications along the bond line with initiation possibly occurring at 
chromium oxide particles formed during welding. This work provides 
broadly applicable insights regarding microstructural features in the 
process zone of VFAW welds and indicates that heterogeneous, PRX 
alloys may be metallurgically joined using solid-state methods. 

Data availability 
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