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A B S T R A C T

The effect of the combined addition of Zn and Ni on the mechanical properties and microstructures of an 
intermetallic compound (IMC) layer of dissimilar welds of Al alloy 5052 to low-carbon steel was systematically 
investigated. A maximum weld strength of 120 MPa was achieved with the combined addition of Zn and Ni, 
which was 193 % higher than that of the weld produced without the addition of Zn or Ni. The addition of Zn 
resulted in the formation of soft Fe–Zn IMCs in the IMC layer, which reduced the hardness of the IMC layer. 
Additionally, the combined addition of Zn and Ni promoted the formation of Fe–Zn IMCs, which further softened 
the IMC layer. Further softening of the IMC layer, reduction in the thickness of the IMC layer, and suppression of 
the formation of defects in the IMC layer, achieved by the combined addition of Zn and Ni, drastically improved 
the weld strength.

1. Introduction

Global initiatives to reduce CO2 emissions emphasize the urgent 
need for climate action, prompting the automotive industry to focus on 
reducing vehicle weight as a vital strategy. The integration of Al and 
steel in multi-material vehicle structures is highly anticipated because of 
their potential to balance weight reduction with enhanced collision 
safety [1–3]. However, the dissimilar welding of Al alloys to steel re
mains a significant challenge, primarily owing to the formation of brittle 
intermetallic compound (IMC) layers. Numerous studies show that thick 
η-Fe2Al5 and thin θ-Fe4Al13 layers are formed at the weld interface 
[4–8]. These intrinsically brittle IMCs significantly deteriorate the 
strength of Al/steel welds [9–11]. To improve weld strength, it is crucial 
to understand and control the formation of IMC layers. The formation 
and growth of IMC layers are influenced by the thermal history of the 
welding process and chemical composition of the utilized materials.

Reducing the thickness of the IMC layer increases Al/steel weld 
strength [12–14]. Thus, most studies have focused on applying low- 
heat-input welding processes for welding Al to steel. They primarily 
aimed to optimize the welding conditions to minimize the growth of the 
IMC layers, thereby enhancing the weld performance. Fusion welding 

techniques, such as brazing with arc [15–17] or laser [18–20] heat 
sources, and solid-state welding processes, such as friction stir welding 
(FSW) [21–23], friction stir spot welding (FSSW) [24,25], and ultrasonic 
welding (USW) [26–28], can effectively reduce the heat input during 
welding, reduce the IMC thickness, and improve weld strength. How
ever, to achieve the optimal IMC layer thickness range for high-strength 
welds, precise control of the welding process is necessary.

The addition of alloying elements is effective in controlling the 
microstructure of the IMC layer. The impact of Si addition has been well 
established: Si significantly reduces the thickness of the IMC layer 
formed at the Al/steel weld interface [29–34], resulting in an 
improvement in the weld strength [35,36]. Cheng et al. [37] highlighted 
that the formed Al–Fe–Si IMCs (τ1-Al2Fe3Si3 and τ5-Al7Fe2Si) acted as a 
diffusion barrier of Al atoms and the occupation of vacancies in η-Fe2Al5 
by Si atoms reduced atomic mobility, thus inhibiting growth of the IMC 
layer. Furuya et al. [38] conducted gas tungsten arc welding (GTAW) of 
Al alloys containing Ni, Cr, Ti, and Mn individually to steel and exam
ined the effect of these alloying elements on the weld strength. They 
suggested that the grain size of η-Fe2Al5 affected the weld strength, 
rather than the thickness of the IMC layer, and reported that grain 
refinement of η-Fe2Al5 due to Ni addition improved the weld strength 
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most effectively. Suzuki et al. [39] reported a significant improvement 
in the strength of Al/steel welds with the addition of Si and Ni. The 
combined Si and Ni addition achieved both the thinning of the IMC layer 
via Si addition and the refinement of η-Fe2Al5 grains via Ni addition 
simultaneously, significantly improving the weld strength. This study 
also demonstrated the potential for further improvements in the 
strength of Al/steel welds through the combined addition of multiple 
alloying elements.

The effect of Zn on Al/steel welding is also critical because Zn 
coatings on steel surfaces have been widely used. Recently, it was re
ported that the addition of Zn to an Al/steel weld interface reduced the 
hardness of the IMC layer, thereby improving the weld strength. Qin 
et al. [40] joined AA5052 to galvanized steel by gas metal arc welding in 
a lap configuration and reported that the formation of η-Fe2Al5Zn0.4 in 
the IMC layer was the main factor for improving the fracture toughness 
of the weld. Conversely, Yang et al. [41] produced AA5754/DP980 steel 
welds by laser welding with a Zn–Al filler material and examined the 
effect of Zn on the microstructure of the IMC layer and the mechanical 
properties of the weld. They found that η-Fe2Al5− xZnx was harder than 
η-Fe2Al5 but the formation of the much softer FeZn10 contributed to the 
improvement in the weld strength. Ma et al. [42] conducted a trans
mission electron microscopy (TEM) analysis of the weld interface of 
AA5083 to FH36 steel produced by GTAW with a Zn–Al filler wire. They 
reported that η-Fe2Al5Zn0.4, δ-FeZn10, and Γ-Fe3Zn10 were formed at the 
weld interface and η/δ and η/Γ obeyed each specific orientation rela
tionship. Although a unified understanding of the IMC softening 
mechanism via Zn addition is still lacking, numerous studies have re
ported that Zn reduces the hardness of the IMC layer, thereby improving 
the Al/steel weld strength. This implies that further improvement in the 
Al/steel weld strength can be achieved through the combined addition 
of Zn and other elements, such as Ni.

Thus, the primary aim of this study is to explore the potential for 
improving Al/steel weld strength through the combined addition of Zn 
and Ni. In this study, AA5052 and low-carbon steel (LCS) sheets were 
welded using a GTAW-based brazing process incorporating a combina
tion of an Al–Zn filler and Ni plating. This approach enables the com
bined addition of alloying elements at the weld interface. In this study, 
the welds produced using the Al–xZn filler with and without Ni plating 
are denoted as xZn and xZn–Ni welds, respectively. The effects of Zn and 
Ni on the weld strength and microstructure of the IMC layers were 
comprehensively examined. Additionally, detailed microstructural an
alyses of the IMC layers were performed using various electron micro
scopes to elucidate the softening mechanisms of the IMC layers and 
provide fundamental ways to further improve the Al/steel weld 

strength.

2. Experimental procedures

In this study, LCS sheets with dimensions of 100 mm × 60 mm × 2 
mm and AA5052 sheets with dimensions of 100 mm × 50 mm × 2 mm 
were utilized as the base materials. The chemical compositions of the 
base materials are listed in Table 1. The base materials were welded 
using GTAW-based brazing. To appropriately add Zn and Ni to the weld 
interface during the welding process, an Al–Zn filler combined with Ni 
plating on the steel surface was used for brazing. Al–Zn alloys with Zn 
contents of 0, 1, 3, and 5 at. % were cast, heat-treated to eliminate 
casting segregation, and then rolled down. Finally, they were cut into 
rods with dimensions of 100 mm × 5 mm × 2 mm, which served as the 
filler materials. Ni plating was applied to the steel surface via electro
plating. The thickness of the Ni plating was approximately 19 µm, 
selected based on our previous work [39], where Ni plating with the 
thickness of approximately 28 µm did not completely dissolve in the Al 
fusion zone.

Fig. 1a illustrates a schematic of the brazing process. Before brazing, 
the surfaces of both the AA5052 and Al–Zn filler were ground using SiC 
sandpaper to remove oxide films and then cleaned with acetone. The 
steel sheets were then cleaned with acetone. Flux was applied to 
enhance the weldability. AA5052 and the Al–Zn filler were placed on a 
steel sheet with an overlap width of 25 mm and secured to a welding jig 
with screws. The tungsten electrode was positioned 4 mm towards the Al 
side from the edge of the Al–Zn filler, primarily directing the arc onto the 
Al side to achieve Al/steel brazing without steel melting. The brazing 
parameters included an arc current of 140 A, voltage of 9 V, speed of 
200 mm/min, arc length of 1 mm, and a tilt angle of 10◦ from the 
horizontal to improve the wetting angle. Brazing was performed in an 
argon atmosphere to prevent oxidation, supplemented with an argon 
shielding gas at a flow rate of 20 L/min. Note that the brazing param
eters were selected based on preliminary brazing experiments to achieve 
a defect-free weld appearance. Tensile shear tests were conducted to 
examine the weld strength. Test specimens, 10 mm in width, were 
extracted from the center of each weld using electrical discharge 
machining (EDM), as shown in Fig. 1b. Three samples of each weld were 
tested to determine the average weld strength. As shown in Fig. 1c, 
before the tests, two slits were introduced into each test specimen using 
EDM to limit the test area to 20 mm2. The tests were performed using an 
Instron-type testing machine at a crosshead speed of 0.3 mm/min at 
room temperature (298 K). After the tests, X-ray diffraction (XRD) was 
performed on the fracture surfaces to identify the fracture locations. For 

Table 1 
Chemical compositions of the base materials used in the present study (wt.%).

Fe C Si Mn P S Al Cu Mg Cr Zn

LCS Bal. 0.003 – 0.35 0.020 0.008 – – – – –
AA5052 0.25 – 0.08 0.01 – – Bal. 0.01 2.61 0.17 0.02

Fig. 1. Schematics of (a) the GTAW-based brazing process, (b) dimension of a tensile shear test specimen, and (c) location of slits.
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microstructural analysis and nanoindentation tests, specimens with a 
width of 2 mm were cut from the weld center using EDM. The cross 
sections were polished initially with SiC sandpapers, with a 1 µm dia
mond suspension, and then with a colloidal silica solution. The polished 
cross sections were examined using a scanning electron microscope 
(SEM) in backscattered electron (BSE) mode to measure the thickness of 
the IMC layers. Chemical composition analyses were performed using 
wavelength and energy dispersive spectroscopy (WDS and EDS, 
respectively) combined with SEM. Additionally, electron backscatter 
diffraction (EBSD) was used to observe the grain morphology of the IMC 
formed at the weld interface. Cross-sectional TEM samples, approxi
mately 10 µm in width, were extracted from both the Al/IMC interface 
and inner IMC layer, and subsequently thinned using a focused ion beam 
(FIB) system. The IMCs formed at the weld interface were identified 
using EDS and selected area electron diffraction (SAED) patterns. The 
hardness of the IMC layer was examined by nanoindentation tests using 
a Berkovich indenter at a maximum load of 20 mN. The hardness data 
were taken at ten random points in the η-Fe2Al5 layer, calculating the 
average value.

3. Results and discussion

3.1. Microstructure of weld interface

Fig. 2 shows the BSE images of the weld interfaces. Note that this 
figure includes images captured at different magnifications. Regardless 

of the utilization of Ni plating in the brazing process, an IMC layer was 
formed at all weld interfaces. The Ni plating dissolved in the Al melts 
during the brazing process, resulting in a liquid Al/solid Fe reaction. All 
welds show a distinctive “tongue-like” structure at the IMC/steel inter
face, which is consistent with previous studies on the liquid-Al/solid-Fe 
interface [43,44]. Furthermore, SEM-WDS measurements were per
formed at five different points in the central area of the IMC layer for 
several representative welds. The SEM-WDS results revealed that the 
average chemical composition of the IMC layers was 28.0 at.% Al-72.0 
at.% Fe for the 0Zn weld, 26.8 at.% Al-72.9 at.% Fe-0.2 at.% Zn for 
the 3Zn weld, and 26.8 at.% Al-72.8 at.% Fe-0.3 at.% Zn for the 3Zn–Ni 
weld. These chemical compositions, coupled with the distinct “tongue- 
like” morphology, indicated that a thick η-Fe2Al5 layer was formed at 
the weld interfaces. Moreover, the SEM-WDS analysis indicated that 
only Zn was dissolved into the η-Fe2Al5 layer, although Ni and Mg 
contained in AA5052 were also in the Al melt during brazing. Addi
tionally, BSE images exhibit the void-like defects in the η-Fe2Al5 layer of 
the weld produced using Al–Zn filler without Ni plating (1Zn, 3Zn, and 
5Zn welds), and the area fraction of the defects increases with increasing 
the Zn content of the filler. In contrast, the welds produced by Ni plating 
(1Zn–Ni, 3Zn–Ni, and 5Zn–Ni welds) hardly exhibited defects in the 
η-Fe2Al5 layer. These defects in the η-Fe2Al5 layer might deteriorate the 
weld strength, which will be discussed later. Fig. 3 displays the bright 
field-scanning transmission electron microscopy (BF-STEM) images 
taken from the Al/IMC interface of the 3Zn and 3Zn–Ni welds (Fig. 3a 
and b) and SAED patterns (Fig. 3c). In both welds, a thin layer of 

Fig. 2. BSE images of the different Al/steel weld interfaces of welds produced using Al–Zn filler with different Zn content of 0–5 at.% (a–d) without and (e–h) with Ni 
plating. The white arrows in b–d indicate defects formed in the intermetallic compounds (IMC) layer.

Fig. 3. BF-TEM images of the Al/IMC interface of the (a) 3Zn and (b) 3Zn–Ni welds. The white dash lines in a and b indicate the phase boundaries. (c) SAED patterns 
of θ-Fe4Al13 and η-Fe2Al5. The zone axis of SAED patterns is given at the bottom of each image.
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θ-Fe4Al13 (monoclinic, C2/m, a = 15.509 Å, b = 8.066 Å, c = 12.469 Å, 
β = 107.72◦ [45]) is formed, in addition to the thick η-Fe2Al5 (ortho
rhombic, Cmcm, a = 7.584 Å, b = 6.4094 Å, c = 4.213 Å [46]). The 
θ-Fe4Al13 is typical sub-layer formed adjacent to the η-Fe2Al5 layer.

3.2. Weld strength and fracture location

Fig. 4a shows the average strength of each weld. The error bars in the 
figure indicate the minimum and the maximum values. It should be 
noted that all the specimens fractured at the weld interface in a brittle 
manner. In welds without any alloying elements (0Zn weld), the weld 
strength was low at only 41 MPa. Without Ni plating, increasing the Zn 
content of the filler initially increased the weld strength up to 3Zn weld, 
with a weld strength of 62 MPa. However, the 5Zn weld exhibited a low 
weld strength compared to that of the 0Zn weld. When Ni plating was 
used with the Al–Zn filler, the relationship between the Zn content of the 
filler and weld strength remained consistent; however, the weld strength 
was always higher than when the Al–Zn filler was used alone. A 
maximum weld strength of 120 MPa was achieved for the 3Zn–Ni weld. 
This result highlights that the combined addition of Zn and Ni signifi
cantly improves the Al/steel weld strength. The mechanisms of the 
strengthening the weld will be examined in terms of the microstructural 
change in the IMC layer.

To identify the fracture locations, XRD was applied to the fracture 
surfaces after the tensile shear tests. Fig. 4b and c show the XRD spectra 
obtained from the fracture surfaces of the 0Zn, 3Zn, and 3Zn–Ni welds. 
The peak of η-Fe2Al5 is observed in all spectra of both Al (Fig. 4b) and 
steel (Fig. 4c) sides, indicating that fractures occurred in the η-Fe2Al5 
layer during the tensile shear tests. This result emphasizes the impor
tance of the properties of the η-Fe2Al5 layer for the weld strength.

Fig. 5a presents a secondary electron (SE) image of a fracture surface 
taken from the steel side of a weld produced using an Al–Zn filler with 
high Zn content. The fracture surface represents a brittle fracture in the 
η-Fe2Al5 layer. In addition, several voids were observed on the fractured 
surface. The EDS maps (Fig. 5b) show that Zn was enriched at the pe
riphery of these voids, as indicated by the white arrows, suggesting that 
the Zn dissolved in the η-Fe2Al5 layer could cause the formation of voids. 
In addition, we confirmed that the number of voids increased with 
increasing Zn content in the filler used for brazing. This trend in the 
number of voids was in good agreement with that observed in the cross 
sections of the welds (Fig. 2). Because of the low boiling temperature of 
Zn (906 ◦C) [47], Zn dissolved in η-Fe2Al5 layer would evaporate during 
the brazing process, resulting in the formation of the voids. Therefore, 
the relatively low weld strengths of the 5Zn and 5Zn–Ni welds (Fig. 4a) 
arose from the massive formation of these voids. As aforementioned, 
using Ni plating combined with an Al–Zn filler can suppress the 

Fig. 4. (a) Average weld strength of each weld. XRD spectra obtained from the fracture surfaces of the (b) Al and (c) steel sides of the 0Zn (black line), 3Zn (grey 
line), and 3Zn–Ni (red line) welds. Diffraction peaks are indexed by η-Fe2Al5, bcc (Fe), or fcc (Al).
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formation of voids, which might contribute to an improvement in the 
weld strength.

3.3. Thickness of IMC layer

Numerous studies have shown a correlation between the thickness of 
the IMC layer and strength of Al/steel welds: a thinner IMC layer results 
in a higher weld strength [12–14]. Accordingly, this study also exam
ined the thickness of the IMC layer and its effect on weld strength. 
Fig. 6a shows the thickness of the IMC layer of each weld. The error bars 
indicate the standard deviation of the IMC thickness measured from 
several BSE images. Except for the 1Zn and 0Zn–Ni welds, the addition 
of Zn and Ni decreased the thicknesses of the IMC layers. Each alloying 
element, Zn, Ni, and Mg, may change the temperature of the Al melt by 
varying the reaction temperature and time between the liquid Al and 
solid Fe, resulting in different microstructures of the IMC layer. Addi
tionally, the Ni plating prevented direct contact between the liquid Al 
and steel during the initial stage of the brazing process, thereby sup
pressing the growth of the IMC layer. These findings indicate that un
derstanding the effects of alloying elements on the formation and 
growth of the IMC layer requires the consideration of both the addition 
process and experimental measurements of the temperature history at 
the weld interface, as well as numerical simulations. These studies are 
ongoing and will be reported in separate papers in the future. Fig. 6b 
shows the relationship between the weld strength and thickness of the 
IMC layer. Except for the 5Zn and 5Zn–Ni welds, the weld strength in
creases with decreasing IMC layer thickness. The relatively lower weld 
strength of the 5Zn and 5Zn–Ni welds was due to a high number of voids 
in the η-Fe2Al5 layer, as previously discussed. The trend of high weld 
strength with the thickness of the IMC layer is in good agreement with 
previous studies [12–14]. In general, however, they reported that the 
thickness of the IMC layer should be less than 10 µm to avoid the 
degradation of the Al/steel weld strength [48–51]. Thus, the significant 
improvement in weld strength by the combined addition of Zn and Ni 
cannot be explained only by the thinning of the IMC layer. To further 
elucidate the mechanisms of the improvement in weld strength, addi
tional analyses were conducted, primarily focusing on the 0Zn, 3Zn, and 
3Zn–Ni welds.

3.4. Hardness of IMC layer and its softening mechanism

In this study, a nanoindentation test of the IMC layer was conducted, 
showing that the average hardness values of the IMC layer in the 0Zn, 
3Zn, and 3Zn–Ni welds were 7.1 ± 0.5 GPa, 5.7 ± 0.4 GPa, and 4.1 ±
0.3 GPa, respectively. This result verified not only the reduction in the 
hardness of the IMC layer by Zn addition [40–42] but also the further 
softening of the IMC layer by the combined addition of Zn and Ni. This 
further softening of the IMC layer contributed to an improvement in the 

Fig. 5. (a) SE image of a fracture surface taken from the steel side of a weld 
produced using an Al–Zn filler without Ni plating. The white arrows in a 
indicate the voids formed in the fracture surface. (b) Enlarged SE image and 
corresponding EDS maps of the area highlighted by the red rectangle in a. The 
white arrows in Zn maps indicate the Zn enrichment at the periphery of 
the voids.

Fig. 6. (a) Thickness of the IMC layer formed at the different Al/steel weld interfaces. (b) Relationship between the thickness of the IMC layer and average 
weld strength.
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weld strength.
To examine the softening mechanism of the IMC layer, cross- 

sectional TEM analyses were conducted on the IMC layers formed at 
the 3Zn and 3Zn–Ni weld interfaces. Note that the incident beam di
rection was nearly parallel to the growth direction of the η-Fe2Al5 layer, 
which was perpendicular to the weld interface. Fig. 7 shows the BF- 
STEM images and STEM-EDS maps of the inner IMC layers of each 
weld. For both welds, IMC layers primarily consist of η-Fe2Al5 and α-Fe. 
Notably, Zn maps show the Zn enrichment along the η/α interfaces, as 
indicated by white arrows.

BF-TEM images of the IMC layer of the 3Zn and 3Zn–Ni welds 
(Fig. 8a and b) and SAED patterns (Fig. 8c–f) reveal the formation of 
Fe–Zn IMCs, namely δ1p-Fe13Zn126 (hexagonal, P63/mmc, a = b =
12.83 Å, c = 57.286 Å, γ = 120◦ [52]) and ζ-FeZn13 (monoclinic, C2/m, 
a = 13.394 Å, b = 7.5980 Å, c = 5.066 Å, β = 127.23◦ [53]), in addition 
to α-Fe (cubic, Im-3 m, a = 2.866 Å [54]) and η-Fe2Al5. The SAED pat
terns obtained from different zone axes were used for accurate phase 

identification. These Fe–Zn IMCs, several hundred nanometers in size, 
are formed at interfaces involving at least one η grain, such as the η/α 
interface and η/η/α and η/η/η triple junctions. The SAED pattern of δ1p- 
Fe13Zn126 along the [1010] zone axis (Fig. 8e) displays strong streaks 
parallel to the [0001] direction, which suggests the presence of stacking 
faults or micro-twins in a δ1p-Fe13Zn126 grain. Further details of the 
structure and indexing of the spots are shown in Fig. 10e. The newly 
formed Fe–Zn IMCs were primarily the ζ-FeZn13, with minor δ1p- 
Fe13Zn126 in the 3Zn weld. However, in the 3Zn–Ni weld, only the 
ζ-FeZn13 was identified. Remarkably, ζ-FeZn13 and δ1p-Fe13Zn126 are 
significantly softer than η-Fe2Al5, whose hardnesses were reported at 
280–298 HV for ζ-FeZn13 [55], 374–394 HV for δ1p-Fe13Zn126 [55], and 
1018 HV for η-Fe2Al5 [41]. Therefore, the formation of these softer 
Fe–Zn IMCs contributed to the softening of the IMC layer. The mecha
nisms of the further softening of the IMC layer by the combined addition 
of Zn and Ni are discussed later in this paper.

Fig. 7. STEM-EDS maps of the IMC layer of the (a) 3Zn and (b) 3Zn–Ni welds. The white arrows in each Zn map indicates the Zn enrichment along the interface 
between η-Fe2Al5 and α-Fe.

Fig. 8. BF-TEM images of the IMC layer of the (a) 3Zn and (b) 3Zn–Ni welds. The white dash lines in a and b indicate the phase and grain boundaries. SAED patterns 
of (c) α-Fe, (d) η-Fe2Al5, (e) δ1p-Fe13Zn126, and (f) ζ-FeZn13. The zone axis of SAED patterns is given at the bottom of each image.
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3.5. Formation mechanism of Fe–Zn IMCs

Fig. 9 presents the results of the STEM-EDS analyses of the Zn-rich 
zone, highlighted by the red squares in Fig. 7. Zn maps (b and e) and 
EDS line analyses across the Fe–Zn IMC (c and f) indicate that the Zn- 
rich zone consists of an Fe–Zn IMC and a Zn-rich band (ZRB). The 
ZRB, approximately 100–200 nm in width, is distributed along the η/α 
interface on the η-Fe2Al5 side. EDS line analyses suggest that the 
chemical composition of the ZRB is similar to η-Fe2Al5 containing Zn, 

and high-resolution transmission electron microscopy (HRTEM) vali
dated that its crystal structure closely matched that of η-Fe2Al5. Addi
tionally, EDS line analyses show that Zn is only detected in the ZRB, but 
not in bulk η-Fe2Al5 interior, implying that Zn diffused through the grain 
boundaries of η-Fe2Al5. The η grain boundaries serve as effective paths 
for Zn diffusion [42,56].

To examine the formation mechanisms of the Fe–Zn IMCs in detail, 
HRTEM was employed to observe the interfaces between each Fe–Zn 
IMC and η-Fe2Al5. Fig. 10a–c show the HRTEM observation results of a 

Fig. 9. STEM-EDS analyses of the Zn-rich zone formed along the η-Fe2Al5/α-Fe interface as indicated by white arrows in Zn maps in Fig. 7: (a, d) BF-STEM images of 
the area highlighted by the red squares in BF-STEM images in Fig. 7; (b, e) corresponding Zn maps; (c, f) EDS line analyses along the blue allows in a and d, showing 
that the Zn-rich zone consist of the Zn-rich band (ZRB) and Fe–Zn IMCs (δ1p-Fe13Zn126 or ζ-FeZn13).

Fig. 10. HR-TEM observation results of the interfaces between each Fe–Zn IMC and η-Fe2Al5: (a) HRTEM image of a η-Fe2Al5/ζ-FeZn13 interface; (b) corresponding 
FFT pattern, showing an orientation relationship of [001]η // [201]ζ and (200)η // (020)ζ; (c) IFFT image of the area highlighted by the yellow square in a derived 
from the (002)η and (020)ζ spots showing a coherent interface; (d) HRTEM image of a η-Fe2Al5/δ1p-Fe13Zn126 interface; (e) corresponding FFT pattern, showing an 
orientation relationship of [001]η // [1010]δ1p and (110)η // (0110)δ1p.
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η/ζ interface. Fig. 10a shows the HRTEM image of a η/ζ interface, and 
Fig. 10b shows a fast Fourier transform (FFT) pattern of the interface. 
Fig. 10c shows an inverse FFT (IFFT) image derived from the (200)η 
spot, which coincides with the (020)ζ spot. FFT analysis reveals that the 
orientation relationship between η-Fe2Al5 and ζ-FeZn13 obeys [001]η // 
[201]ζ and (200)η // (020)ζ. The interplanar spacings of (200)η and 
(020)ζ, measured at both 3.9 Å by IFFT, which is in good agreement 
with the theoretical values of 3.828 Å [46] and 3.799 Å [53], respec
tively. The IFFT image of the η/ζ interface (Fig. 10c) indicates that there 
is no lattice mismatch between these IMCs, showing a perfectly coherent 
interface between them. To the best of our knowledge, this relationship 
has not yet been reported. Note that this orientation relationship and the 
coherent interface suggest the possibility of epitaxial growth of ζ-FeZn13 
on η-Fe2Al5. Fig. 10 presents the HRTEM observation results of a η/δ1p 
interface. Fig. 10d shows an HRTEM image of a η/δ1p interface, and 
Fig. 10e shows an FFT pattern of the interface. The HRTEM image re
veals numerous stacking faults or micro-twins in the δ1p-Fe13Zn126 grain, 
which is also indicated by streaks in the SAED pattern (Fig. 8e). FFT 
analysis exhibits the orientation relationship of [001]η // [1010]δ1p 
and (110)η // (0110)δ1p. Contrary to the η/ζ interface, there is a large 
lattice mismatch between δ1p-Fe13Zn126 and η-Fe2Al5. It is believed that 
the stacking faults in δ1p-Fe13Zn126 were introduced to accommodate the 
large lattice mismatch and the differences in lattice parameters during 
the phase transformation from η-Fe2Al5 to δ1p-Fe13Zn126.

3.6. Effect of subsequent Ni addition on IMC softening

As aforementioned, the combined addition of Zn and Ni softened the 
IMC layer more effectively than the addition of Zn alone, thereby 
improving the weld strength. The softening mechanism is explained as 
follows: Fig. 11 presents the EBSD inverse pole figure (IPF) maps at the 
weld interfaces of the 3Zn and 3Zn–Ni welds. In the IPF maps, θ-Fe4Al13 
layer formed at the Al/η interface was hardly imaged because the sample 
surface preparation was optimized for the η-Fe2Al5. IPF maps show the 
grain morphology of η-Fe2Al5: η-Fe2Al5 layer of the 3Zn weld primarily 
consists of coarse columnar grains, while the η-Fe2Al5 grains are 
noticeably finer in the 3Zn–Ni welds, indicating an increase of η-Fe2Al5 
grain boundaries. The average widths of the η-Fe2Al5 grains, measured 
by the line intercept method from several IPF maps, were 2.2 ± 0.3 µm 
for the 3Zn weld and 1.4 ± 0.1 µm for the 3Zn–Ni weld, respectively. 
This result highlighted the grain refinement of η-Fe2Al5 via Ni addition 

Fig. 11. EBSD IPF maps at the weld interfaces of the (a) 3Zn and (b) 3Zn–Ni 
welds. The orientation of η-Fe2Al5 along the direction perpendicular to the weld 
interface is shown by the color key inserted in the figure. High angle and low 
angle grain boundaries are shown by black and white lines, respectively.

Fig. 12. Schematic of the evolution of the IMC layer of (a1–a4) Zn and (b1–b4) Zn–Ni welds: (a1, b1) before the brazing process; (a2, b2) at the initial stage of the 
brazing process; (a3, b3) growth of the IMC layer; (a4, b4) resulting microstructure of the IMC layer.

K.T. Suzuki et al.                                                                                                                                                                                                                               Materials & Design 245 (2024) 113302 

8 



[38] even with Zn, though the mechanism of grain refinement is not 
clarified. The detailed investigation on the mechanism is ongoing and 
will be reported in separate papers in the future. As previously noted, 
η-Fe2Al5 grain boundaries serve as rapid diffusion pathways for Zn. 
Additionally, interfaces involving one or more η-Fe2Al5 grains act as 
formation sites for the Fe–Zn IMCs. Therefore, the addition of Ni, 
refining the η-Fe2Al5 grain, was believed to enhance Zn diffusion into the 
η-Fe2Al5 layer from the Al melt and promote the formation of the Fe–Zn 
IMCs, resulting in the further softening of the IMC layer. The SEM-WDS 
analysis showed that the average Zn content in the IMC layer was 
slightly high in the 3Zn–Ni weld (0.34 ± 0.03 at.%) compared to the 3Zn 
weld (0.22 ± 0.02 at.%), suggesting that the IMC layer in the 3Zn–Ni 
weld contained more Fe–Zn IMCs than the 3Zn weld.

3.7. Mechanism of IMC formation and strengthening weld

Fig. 12 illustrates the effects of the combined addition of Zn and Ni 
on the formation of the IMC layer based on the experimental results. 
Initially, in Zn welds, a contact between liquid-Al and steel resulted in 
the formation of the η-Fe2Al5 and θ-Fe4Al13 layers. Notably, the η-Fe2Al5 
layer is formed as the primary IMC due to its rapid growth rate [57,58]
(a2). Subsequently, Zn diffused from the Al melt through η-Fe2Al5 grain 
boundaries, forming Fe–Zn IMCs at specific sites. In contrast, Ni plating 
in Zn–Ni welds initially prevented direct contact between liquid-Al and 
steel, delaying the formation of the IMCs (b2). As the brazing process 
progressed, once the Ni plating was removed, a liquid Al/solid Fe re
action occurred. In Zn–Ni welds, Zn diffusion and the formation of Fe–Zn 
IMCs were promoted due to the η-Fe2Al5 grain refinement via Ni [38]
(b3). The resulting microstructures of the IMC layers in the welds are 
drawn in a4 and b4. The IMC layer of the Zn–Ni welds was thinner than 
that of the Zn welds (Fig. 6) because the Ni plating reduced the reaction 
time between the liquid Al and steel. This reduction in the thickness of 
the IMC layer partially contributed to the improvement in the weld 
strength. Additionally, Ni plating decreased the number of defects in the 
η-Fe2Al5 layer by suppressing Zn evaporation, which also contributed to 
the improvement in the weld strength. Nanoindentation tests revealed 
that the hardness of the IMC layer of the Zn–Ni weld was lower than that 
of the Zn weld, suggesting that more Fe–Zn IMCs were formed in the 
Zn–Ni welds than in the Zn welds. Further softening of the IMC layer is 
believed to significantly improve the weld strength.

4. Conclusion

In this study, the effects of Zn and Ni on the weld strength and 
microstructure of the IMC layer in AA5052 and LCS dissimilar welds 
were examined. The weld strength was significantly improved from 41 
to 120 MPa by the combined addition of Zn and Ni. The combined 
addition resulted in the softening of the IMC layer owing to the forma
tion of Fe–Zn IMCs, suppression of defect formation in the IMC layer, 
and a reduction in the thickness of the IMC layer, significantly 
improving the weld strength.
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