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Abstract 

Liquid metal embrittlement (LME) is a long-
standing problem for resistance spot welding (RSW) 
of Zn-coated automotive sheet steels, especially 
third generation advanced high-strength steels 
(AHSSs). This work designed a multi-principal 
element alloy (MPEA), considered a high entropy 
alloy (HEA), that preferentially absorbs Zn during 
RSW and forms a single solid solution phase. The 
MPEA composition was designed using a high-
throughput multi-physics-based analysis, which 
down-selected the FeMnNiCoZn system as favorable 
to present a single face-centered cubic (FCC) phase 
over a broad dilution composition space with the 
substrate. Comparing the welds made with MPEA 
foils to control welds without the MPEA, optical 
microscopy revealed no visible LME cracks in MPEA 
welds, whereas Zn-lined cracks with a length of 
5–100 µm populated the control welds. Energy-
dispersive spectroscopy demonstrated the MPEA- 
limited Zn penetration distance into the AHSS grain 
boundaries to less than 10 µm. Kinetic simulations 
also predicted the MPEA would retain Zn as a solid 
solution and limit its penetration into the AHSS 
substrate. Site-specific synchrotron diffraction 
confirmed a single FCC phase in the MPEA and an 
unaffected ferrite/martensite microstructure in 
the adjacent DP980 AHSS substrate. Furthermore, 
tensile-shear tests showed average improvements 
of 21% in peak load and 80% in fracture energy in 
welds employing MPEA foils when welded with the 
same current and schedule.
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Introduction 
Resistance spot welding (RSW) is commonly employed to 

assemble advanced high-strength steels (AHSSs) for auto-
motive applications (Refs. 1–4). Often, the AHSS is coated 
with Zn via either galvanizing or galvannealing for improved 
corrosion resistance. As RSW exerts a thermal profile (Ref. 5) 
sufficient to locally melt the Zn coating (Tm = 419.5°C), liquid 
metal embrittlement (LME) may occur under the combined 
presence of molten Zn and welding-induced tensile stresses. 
Though LME occurs above the Zn melting point, resultant 
cracks are retained at room temperature, negatively impact-
ing subsequent mechanical performance (Ref. 3).

LME is acknowledged in the literature as a complex phe-
nomenon influenced by AHSS composition and microstructure 
alongside welding process variables (Ref. 6). While there has 
been significant debate in the literature over the relative roles 
of solid-state diffusion and liquid metal percolation in trans-
porting embrittler atoms along crack propagation pathways 
(Refs. 3, 7–10), high-angle prior austenite grain boundaries 
have been generally reported as preferred crack sites (Refs. 6, 
7, 11). This lends itself to a degree of LME susceptibility in many 
AHSS grades regardless of their as-processed microconstitu-
ents and to the prevalence of industrial LME concerns in sheet 
assembly. Galvannealed (GA) steels are usually reported to be 
less prone to LME than the galvanized (GI) grades, as GA coat-
ings comprise a stabilized Fe-Zn intermetallic compound with 
a higher melting point than the free Zn employed in GI steels 
(Refs. 4, 5). However, GA steels are not fully immune to LME.
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Several strategies for LME mitigation by manipulating RSW 
parameters have been investigated in the literature (Refs. 
12–15). In one study, increasing the electrode cap size and 
using round, dome-shaped tips resulted in a 50% reduction 
in LME crack length in a high-Mn TWIP steel by decreasing 
the stress applied on the weld periphery (shoulder), yet it did 
not eliminate the cracks (Ref. 12). Another approach involved 
using a short precurrent pulse of 10 kA before the primary 
welding current (12 kA) to remove Zn in situ from the localized 
weld region before nugget formation (Ref. 13). No cracks 
were detected via optical evaluation in the welds made by 
this approach, indicating its potential viability in mitigating 
LME. However, the base material in this study was 590 MPa 
TRIP steel, a lower-strength AHSS grade with reduced initial 
LME susceptibility compared to higher-strength alterna-
tives (Ref. 6). Some studies (Refs. 14, 15) have looked beyond 
parameter-based means of LME mitigation and employed 
aluminum foils to dissolve liquid Zn during RSW (Ref. 14) or 
laser welding (Ref. 15) of Zn-coated steels. Aluminum foils 
reduced LME significantly in both TRIP 1100 and TRIP 1200 
steels by forming iron aluminides that acted as a wetting bar-
rier to molten Zn (Ref. 14). However, in TRIP 1100, an Al-rich 
LME crack was detected with a trace amount of Zn, raising 
concerns regarding Al acting as a possible LME agent.

High entropy alloys (HEAs), a novel material class investi-
gated since 2004 (Ref. 16), represent a potential Zn-absorbent 
material for LME mitigation. HEAs possess several core char-
acteristics, typically comprised of five or more elements in 
near equiatomic concentrations (Ref. 17), which makes them 
a promising solution for LME control. Critically, many HEA 
systems were reported to retain the stability of disordered 
solid solution phases over a broad composition space due to 
the high configurational mixing entropy impeding secondary 
phase formation (Refs. 18, 19). For certain systems, this phase 
stability extends to multi-principal element alloys (MPEAs), a 
similar but broader composition space inclusive of both high 
and “medium” entropy alloys, which may have fewer elements 
and larger deviations from equiatomic concentrations. This 
phase stability elevates the potential of these alloys to pref-
erentially accommodate Zn in a stable, ductile solid solution 
phase with an elevated melting point that cannot act as an 
LME agent. This study aimed to design an MPEA system to 
preferentially accommodate Zn in a solid solution and inhibit 
elemental Zn as an LME agent while avoiding brittle phase 
formation as it interacts with an AHSS substrate during RSW. 
This paper first outlines the design approach for the MPEA 
system. Subsequently, it investigates experimental RSW trials 
conducted with the designed alloy applied as external foils, 
including mechanical testing and metallurgical characteriza-
tion compared to control samples, to study the effectiveness 
of LME mitigation.

Experimental Methods

MPEA Design

In previous work (Refs. 20, 21), the authors’ research 
group developed a high-throughput screening strategy for 
down selection of alloy system candidates using parame-
ter-based filtration. Filtration criteria were based on extended 

Hume-Rothery metrics published in HEA literature (Refs. 
16–18, 22–26) targeting a single-phase face-centered cubic 
(FCC) crystal structure. The four metrics included the atomic 
size mismatch factor (δ), the valance electron concentra-
tion (VEC), the entropy of mixing (ΔSmix), and the enthalpy 
of mixing (ΔHmix). The governing equations defining these 
parameters are the following:
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where n is the number of elements; Ci and ri are the atomic 
concentration and atomic radius of the element i; r is the 
average atomic radius of the system’s elements; R is the gas 
constant; and  ΔHmix is the binary mixing enthalpy for elements 
i and j. To target a single-phase FCC crystal structure, the 
following limits were placed on each criterion: (𝛿) < 5% (Ref. 
24), (VEC) > 8 (Refs. 25, 26), ΔSmix > 12 J/mol. K (Ref. 25), 
and –15 kJ/mol <  ΔHmix <  5 kJ/mol (Ref. 27). The input data 
for binary enthalpy of mixing, VEC, and atomic radius were 
obtained from studies by Takeuchi and Inoue (Refs. 22, 28), 
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Fig. 1 — Calculated equilibrium phase diagram for 
FeMnNiCoZn.
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Boer (Ref. 29), and Miracle (Ref. 18), respectively. Candidate 
systems were required to include both Fe and Zn, as they 
were the prevalent elements in the base material and coat-
ing layer. Therefore, they were expected to dilute the MPEA 
composition during welding. In this initial screening step, 
the system predicted to retain an FCC solid solution crystal 
structure over the largest range of Zn concentrations was the 
FeMnNiCoZn system as patented in Ref. 30, which was further 
investigated via thermodynamic and kinetic simulations.

Figure 1 displays an equilibrium isopleth phase diagram of 
the FeMnNiCoZn system, in which the Zn content increases 
at the expense of the other four elements as their ratios 
remain fixed and equiatomic. This phase diagram shows the 
dominance of a single FCC phase at temperatures above 
650°C over a Zn concentration range from 0 to 35 at.-%. 
Other equilibrium phases, including σ, a γ-brass structure, 
and two BCC phases, are predicted at temperatures below 
650°C. The low-temperature stability of these phases in 
the equilibrium phase diagram did not disqualify this as a 
candidate system. Given the typically short duration (e.g., 
300 to 600 ms of welding time) at elevated temperatures 
during the RSW process, it was hypothesized that the final 
welded microstructure would be far from equilibrium and 
the low-temperature equilibrium phases would not form in 
appreciable quantities during rapid cooling. More impor-
tantly, Fig. 1 indicates the system has a high solubility for Zn at 
higher temperatures. Therefore, substantial Zn introduction 
from the coating layer during welding can be tolerated while 
retaining single-phase stability.

Gibbs free energy calculations using Thermo-Calc software 
consistently show 10–15 kJ/mol lower free energy overall 
temperatures below 1000°C when Zn is dissolved in an MPEA 
solid solution rather than bound in Fe-Zn intermetallic phases. 
Therefore, in the following kinetics calculations, it is assumed 
that the MPEA foil will completely absorb Zn coating covering 
the spot weld during the early heating stage of RSW. This 

simplification was made in the diffusion-controlled trans-
port (DICTRA) simulations to avoid the convergence issues 
faced by a model with three distinct initial regions, includ-
ing the MPEA foil, Zn coating layer, and semi-infinite ferrous 
substrate. In this simplified simulation, the initial input was 
directly modeled as a Zn-infused MPEA adjacent to a steel 
substrate with a differentiable profile at the interface, as 
illustrated in Fig. 2A. The MPEA’s propensity to retain Zn in 
a solid solution was evaluated through the DICTRA simula-
tion during the later heating stage to higher temperatures 
and the cooling stage of RSW. The later experimental work 
validated this assumption by showing that Zn was prefer-
entially absorbed by the MPEA foil rather than by the AHSS. 
The Zn concentration was approximately 30 wt-% based on 
the known coating density of 40–60 gm/m2 for GA DP980. 
The AHSS substrate region was modeled as pure Fe because 
actual alloying additions to the AHSS are dilute relative to the 
concentrations in the MPEA. A reported RSW thermal profile 
(Ref. 31) with a total duration of 1 s and a peak temperature 
of 2100°C was input to the kinetic simulation.

Figure 2B shows the DICTRA simulation result. Among the 
MPEA constituents, Zn was predicted to diffuse the shortest 
distance across the original steel/MPEA interface, 25 µm 
relative to the original interface boundary, despite having the 
highest original concentration gradient (i.e., driving force for 
diffusion) across the boundary. Limited Zn diffusion into the 
transition region indicated the ability of the MPEA to retain 
Zn absorbed from the coating. Among the other elements, Co 
diffused furthest into steel, followed by Ni and Mn. A Fe-dom-
inant transition region rich in MPEA constituents, marked in 
Fig. 2B, was predicted to extend 40 µm into the steel side 
of the original interface. The smooth composition curves 
indicated the formation of a diluted MPEA microstructure 
without secondary phases in this transition zone. A sudden 
drop in composition profiles of all MPEA constituent ele-
ments, including Zn, beyond this transition region indicated 

A

Fig. 2 — A — Initial composition profile input to DICTRA diffusion simulation between FeMnNiCoZn and AHSS 
substrate; B — resultant composition profile after the DICTRA simulation with a thermal profile modeling a 
typical RSW process.

B
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a transition to the minimally impacted substrate AHSS. It is 
noted that the diffusion simulation did not consider grain 
boundaries, which would heavily influence Zn penetration; 
however, the result indicated the ability of the MPEA to sta-
bilize Zn in a solid solution in the transition region when in 
a continuum with the steel substrate, reducing the risk of 
penetration along grain boundaries.

MPEA Fabrication and Characterization

Ten-gram ingots of the Fe25Mn25Ni25Co25 MPEA were fab-
ricated by arc-melting small solid pieces of the constituent 
elements with a minimum purity of 99.9%. The quaternary 
MPEA excluding Zn was produced for experimental trials to 
maximize the MPEA’s capacity to absorb extrinsically intro-
duced Zn from the GA coating layer. Arc-melting employed 
a gas-tungsten arc welding (GTAW) electrode as the heat 
source, affixed above a water-cooled copper hearth inside a 
controlled atmosphere chamber. The chamber was evacuated 
to approximately 900 millitorr and purged with ultra-high 
purity argon three times before melting. The GTAW voltage 
and current were fixed at 220 V and 200 A, respectively. The 
bulk composition of the as-fabricated MPEA was analyzed 
by x-ray fluorescence (XRF). The as-cast MPEA ingots were 
cut into 0.8–1.3-mm-thick sections and cold rolled down to 
400–600 µm thickness. The foils were ground using silicon 
carbide abrasive paper to reach a final thickness of 220 µm. 
To study the as-cast MPEA microstructure, a sample extracted 
from the MPEA ingot was ground and polished to a 1 µm 
diamond suspension step followed by ultrasonic cleaning. 
Then it was etched for 45 s using 1% nital solution (1 vol-% 
nitric acid + 99 vol-% methanol).

Welding Procedure

RSW samples joining two coupons of 1.6 mm-thick GA 
DP980 AHSS were produced with and without the MPEA 
foils. A commercial galvannealed DP980 steel sheet was 
selected for the study with a chemical composition (wt-%) of 
Fe-2.23Mn-0.36Mo-0.23Cr-0.11C-0.05Al-0.001Ti-0.001V 

with maximum allowable S and P of 0.012 wt-%, and the 
Zn-based coating density was 45g/m2.

All RSW samples were welded in a lap joint configuration 
with the spot weld located at the center of the overlapping 
area (Fig. 3). Samples produced without MPEA foils were 
denoted as control welds. For samples produced with MPEA 
foils, Fig. 3 illustrates how two foils were applied on the exte-
rior surfaces of the spot weld between the electrode and the 
steel sheet. This location was selected to study LME mitiga-
tion because the exterior periphery of the RSW electrode 
indentation (weld shoulders) has been observed to exhibit 
some of the highest susceptibility to LME cracks (Ref. 3). Foils 
were gripped with pliers until the RSW electrode force was 
applied just before welding, after which the pressure of the 
electrodes was sufficient to hold the foils in place in contact 
with the AHSS workpiece, and no adhesion aid or additional 
fixtures were required to fix them.

All samples were welded with constant parameters of 9.5 
kA current, 26 cycles (433 ms) time, and 800 lbf load using a 
60 Hz RSW machine and a 6.35-mm diameter dome-shaped 
electrode. These parameters were selected because they 
were found to produce control samples with ample LME 
cracks. As such, the effectiveness of MPEA foils on LME 
control could be readily evaluated. Adding the two foils was 
expected to increase the welding heat input in the experi-
ment samples, as the foils would increase the total sample 
electrical resistance. However, for the initial validation of 
LME control, the welding current was kept constant in both 
the experimental and control samples. The effect of adding 
the foils on the generated nugget size will be characterized 
and discussed later.

Metallurgical Characterization and 
Mechanical Testing

Optical microscopy investigated the presence of LME 
cracks in cross sections of welded samples. An FEI Quanta 

Fig. 3 — Schematic welding setup for RSW samples 
with two MPEA foils.

Fig. 4 — Synchrotron x-ray radiographic image 
illustrating diffraction data collection across the 
MPEA/steel material interface.
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600 environmental scanning electron microscope with 
energy dispersive spectroscopy (EDS) was used for com-
position mapping in the as-cast MPEA. Higher resolution 
imaging and mapping were performed with a JEOL 7000F 
field-emission scanning electron microscope to investigate 
the composition profile and Zn penetration in the RSW sam-
ples. An accelerating voltage of 20 kV was used in both cases.

Site-specific synchrotron x-ray diffraction (XRD) map-
ping was performed at Beamline 1-ID-E of the Advanced 
Photon Source, Argonne National Laboratory, using a setup 
similar to that described with details in Ref. 32 to assess 
the constituent phases in the MPEA foil and AHSS substrate 
regions after RSW. A 1-mm-thick section was cut from the 
center of an RSW sample using a slow-speed saw with a 
diamond blade. A monochromatic beam with an energy 
of 61.332 keV and incident beam size of 30 ⨉ 50 µm was 
directed in transmission through this sample, and a PILA-
TUS3 X CdTe 2M hybrid photon counting detector with a 
sample-to-detector distance of 740 mm was used to col-
lect diffraction patterns. As illustrated in Fig. 4, the x-ray 

beam was raster-scanned over a 500 ⨉ 600 µm region with 
step sizes of 50 µm in the x-direction (lateral) and 20 µm 
in the y-direction (transverse to the MPEA/steel material 
interface) to map the constituent crystal structures in this 
region. Note that although a 20 µm step size was used in 
the y-direction, the focused beam resolution was limited 
to approximately 50 µm. Patterns were integrated into 
one-dimensional data with the Fit2D software calibrated 
with a cerium dioxide standard. Then, each row of patterns 
at the same y-position was averaged only across the x-di-
rection. Radiographic reference images such as Fig. 4 were 
collected with a PointGrey detector with camera model 
Gs3-u3-23s6m-c with a 2 mm ⨉ 1 mm field of view.

Tensile shear testing in the lap joint configuration was 
conducted on an MTS Alliance RT/100 load frame with 
a displacement rate of 3 mm/min to compare the RSW 
load-bearing capacity with and without MPEA foils. Three 
duplicate samples were tested for each condition. Using 
image analysis software, stereoscope images of the failed 
samples were analyzed to estimate the nugget size by tracing 
the previously bonded region’s perimeter.

Results and Discussion

Metallurgical Characterization of the  
As-Cast MPEA 

Table 1 compares the chemical compositions of the as-de-
signed and as-cast MPEA ingot sample measured by XRF.

The polarized light optical micrograph in Fig. 5A displays 
a dendritic microstructure in the as-cast FeMnNiCo MPEA. 

Table 1 – As-Designed vs. As-Cast Chemical 
Composition of the MPEA

Element 
(at.-%) Fe Mn Ni Co

As Designed 25 25 25 25

As Cast (XRF) 24.85 24.12 26.27 24.71

Fig. 5 — Microstructure of the as-cast FeMnNiCo MPEA: A — Polarized light optical micrograph at a low 
magnification; B — SEM image at a high magnification; C–F — EDS elemental maps for the four constituent 
elements of the MPEA.
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The EDS mapping results in Figs. 5B–F demonstrate seg-
regation of Fe and Co in the dendrites and Mn with a lower 
melting point segregating to the interdendritic region. A 
slight segregation of Ni into the interdendritic region was 
also observed. Similar segregation has been observed in 
other as-cast MPEA systems and can often be eliminated 
with a homogenization heat treatment (Ref. 33); however, 
homogenization of the MPEA was determined to be non-
critical to its function as an LME mitigant.

Metallurgical Characterization of the 
Control RSW Samples

RSW samples were cut into four quadrants, as shown 
in Fig. 6A, to examine weld cross sections for LME cracks. 
The optical micrographs of the control weld sample shown 
in Figs. 6C and D show LME cracks at the peripheral edge 
of the electrode indentation on the steel sheets (i.e., weld 
shoulders). LME cracks found in this location are the most 
common type (Refs. 3, 4). Multiple cracks were observed 
around the weld shoulders in all the inspected cross sections 
with a crack length range of 5–100 µm.

Figure 6D shows larger cracks with a maximum width of 
10 µm and lengths approaching 100 µm. The EDS maps in 
Fig. 7 demonstrate the enrichment of Zn throughout the 
length of these cracks. The quantified EDS line scan data 
at a surface depth of 45 µm in Fig. 6B indicates that the 
maximum Zn concentration inside the crack was as high 
as 50 wt-%. The enrichment of Zn throughout the crack 
confirmed Zn penetration as the root cause of cracking at 

the shoulders of these conventional welds, confirming LME 
as the cracking mechanism.

Metallurgical Characterization of the RSW 
Samples with MPEA Foils

Figure 8 shows typical optical macrographs of the weld 
sample with MPEA foils. LME cracks are absent at the weld 

Fig. 6 — Optical macrographs of a control sample 
without MPEA foils: A — The uncut top view of 
the weld; B — side view of a cross section along 
the pathway indicated in A; C–D — two higher-
magnification micrographs taken at weld shoulders.

A B

C D

Fig. 7 — A — SEM image corresponding to Fig. 6D; 
B — EDS line scan Fe and Zn concentration profiles 
across the crack. EDS map scans of: C — Fe; D — Zn, 
respectively.

A B

C D

Fig. 8 — Optical macrographs of an RSW sample with 
MPEA foils applied on exterior surfaces: A — The 
uncut top view of the weld; B — side view of a cross 
section of the sample along the pathway indicated in 
A; C–D — higher-magnification micrographs taken at 
the weld shoulders.

A B

C D
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shoulders, an initial indication that the MPEA functioned as 
an LME mitigant. For further characterization, Fig. 9 shows 
an SEM micrograph and the EDS composition profile across 
the MPEA/steel interface in the more central part of the weld 
shoulder region (see location in Fig. 8B). Figure 9 illustrates 
a narrow transition region of about 9 µm wide between the 
AHSS and the MPEA foil, in which the initial composition 
of the MPEA was enriched with Fe and Zn. The average Zn 
concentration within this transition region was 18 wt-%. 
The similar concentration of Zn to Co, Ni, and Mn across the 
transition region shows that the Zn concentration correlated 
with the other elements in the MPEA. This observation indi-
cates that the MPEA incorporated Zn from the coating layer, 
inhibiting free Zn from penetrating the AHSS substrate, as 
indicated by the near-zero Zn concentration in the steel 
base material in Fig. 9B. Moreover, there is no indication 
of significant diffusion of the other MPEA elements into 
the steel; the compositionally impacted zone of the steel 
is smaller than predicted by the DICTRA simulation results 
in Fig. 2B. The low Zn concentration and near-equiatomic 
proportions of Mn, Fe, Co, and Ni in the rightmost region of 
Fig. 9B highlight that only the innermost 9 µm of the MPEA 
was affected by Zn, meaning that a much smaller amount of 
MPEA than the 220 µm-thick foil could likely be sufficient 
for LME mitigation.

Figure 10 shows an SEM micrograph and EDS maps at 
a more peripheral location of the weld shoulder (location 
indicated in Fig. 8B). This area exhibits a more pronounced 
transition region approximately 25–30 µm thick, as seen in 
the EDS maps. This was likely caused by the electrodes push-
ing out the molten Zn from the center of the weld indentation 
and accumulating it at the weld periphery (Ref. 34). Zn was 
also found to be preferentially absorbed by the MPEA rather 
than penetrating the steel substrate. A small instance of Zn 
penetrated the steel grain boundary shorter than 10 µm was 
observed, as labeled in the Zn map in Fig. 10F. It suggests that 
the MPEA foil did not completely inhibit Zn penetrating steel 
grain boundaries but suppressed it to a degree to sufficiently 

eliminate the formation of LME cracks. The elimination of LME 
cracking in welds with MPEA foils is especially noteworthy 
because adding the foils was expected to increase the weld 
heat input, which could raise LME susceptibility if Zn pene-
tration into the steel substrate is not mitigated.

Figure 11 presents two synchrotron x-ray diffraction pat-
terns from either side of the MPEA/steel interface, with the 
locations indicated in the radiographic reference images in 
the insets. Note that the transition region shown in Figs. 9 
and 10, ranging from 9–30 µm, were too narrow to exam-
ine in isolation with the ~ 50 µm spatial resolution in the 
x-ray beam. Instead, Fig. 11A shows a pattern of a location 
centered at 60 µm on the MPEA side of the MPEA/steel 
interface, and Fig. 11B shows a location centered at 60 µm 
on the steel side. Fig. 11A displays an FCC solid solution as 
the sole phase present, based on parameter-based filtration 
predictions and the thermodynamic and kinetic simulations 
in Figs. 1 and 2. The lattice parameter of the MPEA FCC phase 
was determined to be 3.598 Å via a peak fitting process 
described in detail in Ref. 35. While the lattice parameters 
of MPEA solid solutions vary substantially with composition, 
this value is similar to that predicted by the statistical hard 
sphere model discussed in Ref. 36. The entire MPEA region 
exhibited patterns exemplified by Fig. 11A until the center 
of the focused beam moved toward 40 µm from the MPEA/
steel interface. In this near-interfacial zone, a mixed steel/
MPEA diffraction pattern was exhibited due to the beam’s 
50 µm spatial resolution and possible slight angling of the 
sample. On the steel side of the interface, Fig. 11B shows 
strong BCC/BCT peaks corresponding to the primarily fer-
rite/martensite microstructure characteristic of DP980 
AHSS (Refs. 37, 38). Since the tetragonality ratio c/a of 
martensite was close to Ref. 39, the BCT peaks were nearly 
indistinguishable from the BCC peaks, but peak broadening 
existed. As displayed in Fig. 11B, a small fraction of retained 
austenite was also present. The lattice parameters were 
2.867 Å for the ferrite/martensite peaks and 3.596 Å for 
the retained austenite peaks. These lattice parameters did 

Fig. 9 — A — SEM micrograph; B — EDS line scan data at the MPEA/steel interface in the more central part of 
the weld shoulder (location indicated in Fig. 8B).
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not vary appreciably with distance from the interface. The 
strength of the retained austenite peaks also did not vary 
with distance up to 400 µm from the MPEA/steel interface 
into the steel side (the full extent of the mapped area in Fig. 
4), indicating that the presence of retained austenite was 
correlated to the RSW thermal history and not influenced 
by the diffusion of the MPEA elements. No intermetallic 
phase peaks were detected in the synchrotron XRD patterns 
across the MPEA/AHSS interface.

Metallurgically, the design objectives of the MPEA foil were 
to accommodate Zn in a ductile FCC solid solution, minimize 
the microstructural impact on the steel substrate, and avoid 
the introduction of any intermetallic phases. The data in Figs. 
9–11 demonstrate that each of these was achieved, as Zn was 
preferentially absorbed, the MPEA was an FCC solid solution, 
and the DP980 substrate retained its parent composition 
and microstructure with limited impact by the MPEA.

Tensile-Shear Behavior 

Figure 12 compares the tensile-shear behavior of RSW 
samples with and without the MPEA foils. Figure 12A shows 
the individual load-displacement curves, and Fig. 12B sum-
marizes and compares the peak load and fracture energy 
between the two groups of welds. Fracture energy was 
calculated as the area under the load-displacement curves 
in Fig. 12A. Figure 12 shows that samples with MPEA foils 

exhibited a 21% increase in the mean peak load relative to 
control samples (31.7 kN vs. 26.2 kN) and an 80% increase 
in the mean fracture energy (75.6 J vs. 41.9 J). Nugget size 
assessment on the failed samples revealed that the average 
nugget diameter increased from 6.96 ± 0.12 mm in the con-
trol samples to 7.51 ± 0.06 mm in the experimental samples, 
an average increase of 7.9%. This increase confirmed that 
the MPEA foils increased the electrical resistance, resulting 
in higher welding heat input. As previously discussed, this 
higher heat input could typically increase the LME suscep-
tibility of the Zn-coated AHSS itself. Still, LME cracks were 
eliminated from the experimental welds because Zn was 
effectively accommodated in the solid solution phase of the 
MPEA in the transition region.

The average peak load increased by 21% in the experimen-
tal welds with MPEA foils compared to the control welds. 
The nugget size increase corresponded to a mean 16.5% 
increase in the load-bearing area for samples employing 
MPEA foils, accounting for most of the peak load increase. 
However, eliminating LME cracks likely contributed to the 
additional augmentation in load capacity. Another indication 
of the impact of LME crack elimination by MPEA foils can 
be manifested by the peak load consistency enhancement. 
Generally, spot welds can fail via interfacial shear, where the 
sheets separate along the bond line within the fusion zone, 
or nugget pull-out, where the fusion zone remains intact and 
is torn away from one of the welded sheets along its circum-

Fig. 10 — A — SEM micrograph; B–F — Co, Mn, Ni, Fe, and Zn EDS maps of the MPEA/steel interface in the more 
peripheral location of the weld shoulder (location indicated in Fig. 8B).
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ference (Refs. 40, 41). In crack-free welds, nugget pull-out is 
typically correlated with significantly higher fracture ener-
gies as it usually requires a high load to be sustained over 
a larger deformation range to effectuate pull-out (Ref. 41). 
In cracked welds, shoulder cracks can nucleate premature 
failure via pull-out (Ref. 42), but the cracks do not govern 
the failure of samples that fail by interfacial shear.

Table 2 summarizes the failure mode and mechanical 
properties of individual samples. Among the control sam-
ples, the sample that displayed the lowest peak load and 
fracture energy (Sample C1) failed with pull-out mode, 
likely a case of LME cracks contributing to premature failure 
initiating at the weld shoulder. DiGiovanni et al. reported 
experimental RSW strength deficits due to LME cracks in 
TRIP 1100 steel ranging from 7.8% to 42.2%, provided that 
the cracks exceeded a critical length of 300 µm when the 
nugget diameter was 7.3 mm (Ref. 40), similar to the diame-
ter in this work. Although no 300 µm cracks were identified 
in Fig. 6, the sectioning strategy likely could not detect 
all the cracks in the welds. Consistent with DiGiovanni’s 
finding, Sample C1 displayed a 23% lower peak load than 
Sample C2, which failed by interfacial shear and, therefore, 
had cracks that did not govern failure. Sample C3 failed by 
pull-out mode but at a higher peak load than the interfa-
cial failure and was, thus, likely also a case where cracks 
did not govern failure. The inconsistency between Sam-
ples C1 and C3 indicates that LME cracking occurred with 
varying severity among control samples, consistent with 
literature reports on DP980 AHSS (Ref. 3). On the other 
hand, the two experimental samples that failed by pull-
out mode (Sample E2) or in the base material (Sample E3) 
both exhibited higher peak load than the interfacial failure 
sample in this group (Sample E1), which was consistent with 
the crack-free cross-sections observed in Fig. 8.

Future studies are needed to ascertain the role of LME 
crack elimination via the MPEA foil in mechanical perfor-
mance. EDS analysis on fracture surfaces would assist in 
confirming whether control weld failures initiate at LME 
cracks. A larger test matrix would statistically confirm correla-
tions among LME cracks, failure mode, nugget size, and joint 
strength discussed above. DP980 is also not as susceptible 
to LME as Generation 3 AHSS grades, so a more conclusive 
performance difference could be observed if the MPEA foil 
strategy was similarly effective at mitigating LME on a more 
susceptible base material. Further, future studies are needed 
to determine the technical and economic feasibility and best 
practices for applying an MPEA foil in an industrial setting and 
evaluate corrosion and cosmetic impacts in downstream pro-
duction and service. The MPEA could influence local galvanic 
corrosion behavior, so the electrode potential of the MPEA 
should be measured. Cosmetic impacts could likely be kept 
minimal by reducing the foil thickness to approximately 10 
µm based on the EDS result in Fig. 9B and using an adhesive 
to ensure the foil lies flat against the workpiece outside the 
immediate weld zone.

Conclusions

 ■ Thermodynamic and kinetics calculations predicted that 
FeMnNiCo MPEA would dissolve Zn during RSW of coated 
AHSS and form a quinary FeMnNiCoZn MPEA with a single 
random solid solution FCC phase.

 ■When 220 µm FeMnNiCo MPEA foils were applied to GA 
DP980 AHSS during RSW, EDS analysis demonstrated that Zn 
was preferentially dissolved in the MPEA foil after welding. 
Synchrotron XRD mapping confirmed the sole presence of an 
FCC solid solution in the MPEA filler and primarily a ferrite/
martensite microstructure with some retained austenite 

Fig. 11 — Site-specific synchrotron XRD patterns from: A — The MPEA foil region, 60 ± 25 µm away from the 
foil/substrate interface; B — the DP980 AHSS substrate region, 60 ± 25 µm away from the other side of the 
interface 60 µm. The inset x-ray radiographs are annotated to show the diffraction mapping locations.
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in the AHSS substrate. No intermetallic compounds were 
detected in the transition region between the MPEA and 
the steel substrate. The constituent phases agreed with the 
thermodynamic and kinetic calculations.

 ■ Adding the MPEA foils increased the electrical resistance 
of the system, leading to a higher welding heat input while 
using the same welding current. Thus, the nugget diameter 
increased by 7.9% in experimental samples compared to the 
control samples welded. Despite the higher heat input, LME 
was effectively mitigated, as samples employing foils were 
crack-free, while control samples consistently displayed 
shoulder cracks.

 ■ Experimental samples displayed a 21% increase in mean 
peak load and an 80% increase in mean fracture energy over 
control samples in tensile-shear testing. These mechanical 

properties enhancements are attributed to a combination 
of nugget size increase and elimination of LME cracks in the 
experimental samples.
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