Wire-feed laser additive manufacturing of dissimilar metals via
dual molten pool interface interlocking mechanism
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Intermetallic compounds produced in laser additive manufacturing are the main factors restricting the joint performance of
dissimilar metals. To solve this problem, a dual molten pool interface interlocking mechanism was proposed in this study. Based
on a dual molten pool interface interlocking mechanism, the dissimilar metals, aluminum alloy and stainless steel, were produced
as single-layer and multilayer samples, using the wire-feed laser additive manufacturing directed energy deposition technology.
The preferred parameters for the dual molten pool interface interlocking mechanism process of the dissimilar metals, aluminum
alloy and stainless steel, were obtained. The matching relationship between the interface connection of dissimilar metals and the
process parameters was established. The results demonstrated excellent mechanical occlusion at the connection interface and no
apparent intermetallic compound layer. Good feature size and high microhardness were observed under a laser power of 660 W, a
wire feeding speed of 55 mm/s, and a platform moving speed of 10 mm/s. Molecular dynamics simulations demonstrated a faster
rate of aluminum diffusion in the aluminum alloy substrate to stainless steel under the action of the initial contact force than
without the initial contact force. Thus, the dual molten pool interface interlocking mechanism can effectively reduce the
intermetallic compound layer when dissimilar metals are connected in the aerospace field.
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tion, process parameters

Introduction

be solved, and the formation and growth of intermetallic

Traditional joining techniques, such as mechanical joining
[1,2], friction stir welding [3,4], and laser welding [5,6], are
limited by the size of the components and can only be used in
components having simple structures. Laser additive manu-
facturing (LAM) directed energy deposition techniques [7—
9] use a laser as a heat source to form a small molten pool on
the surface of a substrate with material pre-deposited or
supplied in powder or wire form. Thus, size constraints can
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compounds (IMCs) can be controlled by changing the pro-
cess parameters (i.e., heat input) to reduce fabrication defects
and improve the performance of joints. Therefore, LAM
directed energy deposition technology has been widely used
as an advanced manufacturing technology in aerospace and
other manufacturing fields [10,11]. Wire-feed LAM can be
deposited layer by layer along a predesigned trajectory,
eventually producing the required components. Wire-feed
LAM is becoming the primary additive method for manu-
facturing large-sized parts because of its advantage of un-
limited-forming size [12,13]. Wire-feed LAM [14,15] has



higher material use, higher deposition rate, lower material
cost, and less pollution [16,17] compared to powder-feed
LAM [18,19].

Under the “peak carbon dioxide emissions and carbon
neutrality” aim, aluminum alloy and steel combinations were
selected as dissimilar metals based on the position and
function of aircraft parts to achieve lightweight structural
parts in the aerospace field [20]. Therefore, it is important to
study dissimilar-metal connection methods of aluminum al-
loy and steel used in aerospace, which can reduce the weight
and cost. The metallurgical compatibility during welding, the
brittle metal compound formed by the interface reaction, and
the difference in the thermal expansion coefficient can affect
the connection performance because of the large differences
in thermal physical parameters (melting point, thermal ex-
pansion coefficient, thermal conductivity, and density) be-
tween the aluminum alloy and steel. A large amount of
thermal stress can be generated at the joints of aluminum
alloy and steel during the welding process. Furthermore,
intermetallic brittle compounds are easily formed, resulting
in cracks and other damage to the weld [21-24]. The main
problem in existing joining processes is that IMCs produced
during welding reduce joint strength [25-27]. Therefore, the
reduction or inhibition of the formation of IMCs is important
for improving the ability of dissimilar metals to connect.

The existing methods to reduce IMCs are primarily by
adding a transition layer or filler wire to avoid direct contact
between dissimilar metals [28]; this method introduces
transition elements such as Cu [29,30], Ni [31,32], Nb
[33,34], and V [35,36]. However, this generates more in-
terfaces, and the process is complicated with high manu-
facturing costs. Thus, it is necessary to examine wire-feed
LAM of dissimilar metals, e.g., aluminum alloy and stainless
steel, to reduce the generation of several IMC layers by a
simple and effective method. Accordingly, this study reports
a dual molten pool interface interlocking mechanism
(DMPIIM) by using wire-feed LAM directed energy de-
position technology. This method is primarily aimed at dis-
similar metals with large differences in melting points, and it
can avoid direct contact between liquid stainless steel and
liquid aluminum alloy by producing a dual molten pool. The
proposed DMPIIM does not require the introduction of
transition elements. The IMC layer can be reduced; the
manufacturing is convenient and relatively inexpensive.

In this study, the dissimilar-metal LAM process was di-
vided into four cases based on the interface connection and a
DMPIIM. This study examined the matching relationship
between the interfacial connection of a dissimilar couple of
aluminum alloy and stainless steel and process parameters
such as laser power, wire-feed speed, and platform moving
speed. The interfacial connection and element distribution of
single-layer molten tracks in different cases were analyzed
using a high-speed camera, a three-dimensional (3D) laser

profiler, scanning electron microscopy (SEM), and energy
dispersive spectroscopy (EDS). The formation of phases was
analyzed using X-ray diffraction (XRD). Microhardness was
used to characterize the dissimilar-metal interfaces. A 3D
numerical model of the interaction between dissimilar metals
was established to predict heat and mass transfer. The effects
of the initial contact force on the interfacial connection be-
tween dissimilar metals aluminum alloy and stainless steel,
were examined using molecular dynamics simulations.

2 Experimental

Figure 1(a) shows a schematic of the wire-feed LAM di-
rected energy deposition technique used in this study. The
experimental device included a 1-kW continuous wave fiber
laser (Shenzhen Maxphotonics Co., Ltd., China). An additive
manufacturing process was performed in an Ar atmosphere
with a flow rate of 10 L/min. A wire feeder (BWT16) was
used for wire feeding. A computer-controlled three-axis
computerized numerical control moving platform was used
to move the substrate. The angle between the wire and
substrate material was between 35° and 75°. An initial
contact force was applied to the wire and substrate to ensure
good interfacial contact between the dissimilar metals. The
force was modulated using an external sensor. Figure 1(b)
shows single-layer and multilayer samples processed by
DMPIIM wire-feed LAM directed energy deposition tech-
nology. Figure 1(c) shows the microscopic characterization
of the single-layer sample (laser power of 660 W, wire-feed
speed of 55 mm/s, and the platform moving speed of
10 mm/s).

The DMPIIM is a two-molten pool formed by the melting
point difference between the wire and substrate (Figure 1
(d)). One molten pool is a wire with a high melting point, and
the other is the substrate that is melted by heat transfer
through the melting of the wire. The non-melted part of the
high melting wire separates two liquid molten pools, and
then forms a mechanical interlocking interface between the
dissimilar-metal materials.

2.1 Materials

A 7075-aluminum alloy plate with a size of 100 mmx20 mm
x5 mm was selected as the substrate material. The wire
material was 304-stainless steel with a diameter of 1.0 mm.
Table 1 lists the chemical composition. Before the experi-
ment, the surface of the substrate was polished with 800-grit
sandpaper and then cleaned with acetone solution via ultra-
sonic oscillation to ensure that the base surface was clean.

2.2 Characterization

During the experiments, a Chronos1.4 high-speed camera
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Figure 1 (Color online) Schematic of the laser additive manufacturing for the dissimilar aluminum alloy and stainless steel. (a) Experimental device;
(b) single-layer and multilayer samples; (c) microscopic characterization; (d) schematic of DMPIIM.

Table 1 Chemical composition of the dissimilar metals aluminum alloy and stainless steel (wt%)

Element Zn Mg Cu Mn Ti Cr Si C Ni Fe Al
7075 ;‘g‘;ﬁn“m 5.70 270 150 0.20 0.03 0.20 0.18 - - 036 Bal
304 stainless steel - - - 1.88 - 18.32 0.52 0.09 8.50 Bal -

(Kron Technologies, Canada) was used to observe the state
of the molten track and the condition of the molten pool.
After the experiments, the surface topography of samples
was observed using a 3D profiler. A wire-cut machine was
used to cut the samples to reveal the microstructure of the
samples. The cross-section of these samples was polished to
a mirror-like surface using 400-, 800-, 1000-, 1500-, and
2000-grit SiC-grinding papers, followed by polishing with
2.5-um diamond suspension. SEM (Tescan, The Czech Re-
public) was used to observe the microstructure of the molten
track. The elemental composition of the melt track was
analyzed by EDS using the line and area scanning models.
XRD (Haoyuan Instrument, China) (Cu-Ka: 40 kV, 40 mA)
with a scan speed of 2°/min was used to examine the phase
and microstructures. The change in the hardness of samples
was analyzed using a microhardness tester (HV-1000Z); the
holding time and load were 10 s and 300 g, respectively. The
formation mechanism of the dissimilar-metal interface was
done under the control of an added force simulated using
molecular dynamics simulations.

A 3D numerical model of the interaction between dis-
similar metals, aluminum alloys, and stainless steel, was
established to predict the heat and mass transfer during the
LAM process [37]. The implicit successive over relaxation
(SOR) and volume of fluid (VOF) algorithms were used to

calculate and reconstruct the free surface in the wire-feed
LAM of dissimilar metals [38]. The details of the model are
given in the Supplementary information. Table 2 lists the
material properties of the 7075 aluminum alloy and 304
stainless steel used.

3 Results and discussion

3.1 Effect of the initial contact force

Figure 2 shows the molecular dynamics results of dissimilar-
metal molten pools with and without the initial contact force.
In the absence of an initial contact force, the diffusion of
aluminum atoms was slow, and only some aluminum atoms
entered the stainless steel (Figure 2(a-1)). After adding the
initial contact force, the aluminum atoms cross the boundary
and enter the stainless steel region (Figure 2(b-1)), indicating
that the diffusion of aluminum atoms is faster under the
action of the initial contact force, which can eventually result
in interlocking and stronger mechanical bonding between the
dissimilar metals aluminum alloy and stainless steel. Figure
2(a-2) and (b-2) show the temperature curve of the molten
pool area of the dissimilar metals with and without initial
contact force. The temperature of the molten pool area does
not considerably change with or without an initial contact



Table 2 Material properties of the 7075 aluminum alloy and 304 stainless
steel [39.,40]

Property 7075 aluminum alloy 304 stainless steel
Density of liquid
metal (kg/m") 2805 7200
Dynamic viscosity (kg/(m s)) 1.25%107 6x10~°
Solidus temperature (K) 933 1697
Liquidus temperature (K) 946.3 1727
Specific heat of solid
1084 712
(J/(keg K))
Specific heat of liquid
O/(kg K)) 997 837
Effective thermal conductiv-
ity of solid (W/(m K)) 185 19.2
Surface tension (N/m) 0.868 1.76
Temperature coefficient of _ — _ —
surface tension (N/(m K)) 3.5<10 4x10
Coefficient of thermal 5 5
expansion (K—l) 2.34x10 1.72x10
Latent heat (J/kg) 3.95x10° 2.74x10°

force, indicating that the additional initial contact force
would not affect the temperature of the molten pool of dis-
similar metals. An initial contact force was applied in the
subsequent experiments.

3.2 Process parameters

The dissimilar-metal LAM process was divided into the
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following four cases based on the interface connection of
aluminum alloy substrate and stainless steel wire: case 1,
track discontinuity; case 2, poor connection; case 3, inter-
locked interface; and case 4, excessive heat input. The results
of the experimental investigation on the matching relation-
ship between laser power, wire-feed speed, and platform
moving speed are shown in Table 3. First, the influence of
laser power or wire-feed speed on the interface bonding
performance of single-layer molten track was examined by
maintaining the platform moving speed at 10 mm/s and
changing the laser power and wire-feed speed. The influence
of the platform moving speed on the interface bonding per-
formance of the single-layer molten track was then ex-
amined, keeping the laser power and wire-feed speed at
660 W and 55 mm/s, respectively.

Table 3 shows that the interface connection between the
aluminum alloy substrate and the stainless steel wire has a
matching relationship with the laser power, wire-feed speed,
and platform moving speed. When the laser power was ex-
cessively low, the stainless steel wire was not completely
melted but only melted on the top of the wire, and the
bonding interface between the aluminum alloy substrate and
the stainless steel wire remained solid, thus resulting in poor
connection performance. When the laser power was ex-
cessively high, the stainless steel wire was completely mel-
ted, and many spatters were generated, making it easy to
form various IMCs. When the wire-feed speed was ex-
cessively fast, the laser could not quickly melt the wire; when
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Figure 2 (Color online) Molecular dynamics simulation of the interface formation between aluminum alloy and stainless steel without (a) and with (b) an

initial contact force.



Table 3 Processing parameters and connection performance of the experiment

Laser power P (W) Wire-feed speed V; (mm/s)

Platform moving speed /,, (mm/s)

Connection performance Case

400 50 10 . "
200 55 10 Too low energy input -
500 50 10
500 S5 10 Track discontinuity Case 1
500 60 10
600 50 10
600 55 10
600 60 10 )
650 50 10 Poor connection Case 2
660 55 11
660 55 12
660 54 10
660 55 10 Interlocked interface Case 3
650 53 10
700 50 10
700 55 10
700 60 10
670 50 10
660 50 10 Excessive heat input Case 4
660 52 10
660 53 10
660 55 8
660 55 9
a) “=” means none.

the wire-feed speed was excessively slow, the wire was
completely melted, resulting in poor connections. When the
platform moved excessively fast or slowly, it caused rapid
heat dissipation or accumulation, affecting the connection
status. A good connection status was achieved only when the
laser power, wire-feed speed, and platform moving speed
matched.

The process parameters of four typical cases were selected
for the following research. In case 1, the P was 500 W, the V;
was 55 mm/s, and the V, was 10 mm/s. In case 2, the P was
600 W, the V; was 55 mm/s, and the V, was 10 mm/s. In case
3, the P was 660 W, the V; was 55 mm/s, and the V, was
10 mm/s. In case 4, the P was 700 W, the V; was 55 mm/s,
and the V,, was 10 mm/s.

3.3 Morphology analysis of samples in the additive
manufacturing process

Figure 3 shows a high-speed camera monitoring the LAM
process of dissimilar-metal aluminum alloy and stainless
steel in different cases. The molten track was discontinuous
during the additive manufacturing process. The stainless
steel wire was melted only at the top, and its bonding with the

aluminum alloy substrate was poor (Figure 3(a)). This ob-
servation can be attributed to the laser power being ex-
cessively low, causing the stainless steel wire to melt only at
the top and transfer less heat to the bottom of the wire. The
laser power did not match the platform and wire-feed speeds,
thus resulting in a discontinuous molten track and a weak
combination of the stainless steel wire and the aluminum
alloy substrate. Figure 3(b) shows that, as the laser power
increased, most of the stainless steel wire began to melt, the
aluminum alloy substrate was melted by heat transfer, and
the shape of the molten pool became larger. Compared with
Figure 3(b), the molten pool in Figure 3(c) was smaller.
Figure 3(d) shows that the entire additive manufacturing
process produced significant splashes. This result was at-
tributed to the laser power being excessively high. The ex-
cessive heat input caused the stainless steel wire to melt and
mix completely [41,42].

Figure 4 shows the samples and 3D profile of the molten
track for wire-feed additive manufacturing of dissimilar-
metal aluminum alloy and stainless steel in different cases.
The figure shows that the molten track in case 1 was dis-
continuous, and the surface undulation was more severe than
in the other cases. Case 2 had a continuous molten track and a
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Figure 3 (Color online) Process monitoring with a high-speed camera. (a) Case 1; (b) case 2; (c) case 3; (d) case 4.

high height, and the solidified track could be peeled off ea-
sily with pliers. Case 3 had a wider molten track and the best
surface morphology, and the molten track could not be
peeled off with pliers. Case 4 had the most spatter because
the stainless steel was melted completely into the aluminum
alloy substrate.

3.4 Microstructure analysis

Figure 5 shows SEM and EDS images of the molten track.
The bonding conditions of the molten track interface under
four cases (laser powers of 500, 600, 660, and 700 W) are
obtained. The line scan result in Figure 5(a-4), (b-4), (c-4),
and (d-4) is the position of the black line in Figure 5(a-1),
(b-1), (c-1), and (d-1).

Figure 5(a-1) shows that the stainless steel does not
completely melt because of the low laser power and in-
sufficient heat input. The joint surface was straight, and there
were defects in the bonding surface. Most of the stainless

steel wire melted as the laser power was increased (Figure 5
(b-1)). However, the heat transferred to the aluminum alloy
substrate remained low, resulting in an uneven undulation of
the joint surface, which was approximately arc-shaped.
Moreover, needle-like structures grew from the stainless
steel to the aluminum alloy substrate [18]. When the laser
power was 660 W, the stainless steel wire melted more
(Figure 5(c-1)), and the heat transferred to the aluminum
alloy substrate was sufficient to melt the aluminum alloy,
thus forming a good bonding surface with a circular arc
shape. The Al alloy substrate melted deeper and many cracks
appeared (Figure 5(d-1)), indicating that excessive heat input
could cause the formation of thermal cracks, which would
result in weak interface bonding and easy damage.

The interface between Al and Fe was obvious in the EDS
images (Figure 5(a-2), (a-3), and (a-4)); Al was on the alu-
minum alloy substrate side, and Fe was primarily on the
stainless steel side, indicating that there was no apparent
IMC layer formation at the interface. The EDS diagrams in
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Figure 4 (Color online) Surface topography of the different cases. (a) Case 1; (b) case 2; (c) case 3; (d) case 4. 1, samples; 2, 3D profile.

Figure 5(b-2), (b-3), and (b-4) showed that the Fe in the
stainless steel tended to diffuse into the aluminum alloy
substrate. Fe in the stainless steel began to precipitate into the
aluminum alloy substrate (Figure 5(c-2), (c-3), and (c-4)).
During this period, no prominent IMC layer formed at the
interface, indicating that the DMPIIM could reduce the for-
mation of an IMC layer under appropriate process para-
meters. Significant element mixing was observed, as shown
in Figure 5(d-2), (d-3), and (d-4), indicating the formation of
IMCs [18].

The feature sizes of the molten track, such as the molten
pool width (W), molten pool height (), and molten pool
depth (D), were measured (Figure 6), and the corresponding
aspect ratio (W/H) of the molten track was calculated under
different process parameters. A comparison of the feature
sizes of cases 1-4 demonstrated that the width of the molten
pool increased as the laser power increased. However, as the
height of the molten pool decreased; the depth of the molten
pool increased and the aspect ratio of the molten pool in-
creased. When the laser power was 660 W, the wire feeding
speed was 55 mm/s, the platform moving speed was
10 mm/s, and the molten track had a good feature size.

The binary phase diagram of Fe-Al [43] in Figure 7(a)

shows that the IMCs can be Fe;Al, FeAl, FeAl,, Fe,Als, and
FeAl;. By combining the XRD and EDS results [26,44],
Fe;Al and FeAl IMCs were formed. In case 1, the input heat
was small. No notable IMCs were generated. In other cases,
the molten liquid Al on the aluminum alloy substrate dif-
fused into the undissolved solid Fe in the stainless steel wire
to form Fe;Al, but there was no obvious IMC layer caused by
the existence of a double molten pool. And as the heat input
increased, the content of Al in Fe increased, resulting in the
formation of FeAl compounds with high content.

3.5 Microhardness

The joint properties of dissimilar-metal aluminum alloys and
stainless steels were characterized using microhardness [43].
The Vickers hardness test was performed on the cross-sec-
tion of the sample (Figure 8(a)). The test direction was along
the direction of the deposition height, and the testing was
done every 200 pm.

Figure 8(b) showed that the hardness value of the alumi-
num alloy side ranged from 141 to 190 HV and that the
hardness of the aluminum alloy side did not change sig-
nificantly in different cases. A minor difference was noted in
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Figure 5 (Color online) SEM and EDS images in different cases. (a) Case 1; (b) case 2; (c) case 3; (d) case 4.

the hardness value at the interface under different cases. In
case 1, the stainless steel side had the lowest hardness. In the
other three cases, the hardness increased from the interface to
the stainless steel side because of the rapid solidification of
the stainless steel wire [45]. In case 3, when the heat input
was 660 W, the stainless steel side had the highest hardness
compared to that in cases 1, 2, and 4. The top of the stainless
steel wire was fully melted, and the structure was uniform,
thus resulting in finer dendritic primary arm length under
rapid cooling [27,46].

3.6 Simulation of interface formation

Figure 9 shows the temperature fields of the dissimilar me-
tals joining in different cases. The velocity vectors of the
melt flow were represented with black arrows in each image.
The validity of the 3D numerical model was experimentally
confirmed. Figure 9(a-2), (b-2), (c-2), and (d-2) showed that
as the laser power increased, the molten pool height de-
creased, the width increased, and the depth increased, which
was consistent with the data measured in the experiment

(Figure 6). When the heat input was low, the stainless steel
wire was only partially melted, and a discontinuity appeared
at the interface connection (Figure 9(a-1)). This result is
consistent with the phenomenon observed in the experiment
shown in Figure 3.

4  Conclusions

The wire-feed LAM directed energy deposition technology
based on the proposed DMPIIM was used to produce single-
layer and multilayer samples of dissimilar-metal aluminum
alloy and stainless steel. This study investigated the bonding
ability of the single-layer molten track in different cases. The
primary conclusions of the study are summarized as follows.

(1) Through molecular dynamics simulations, the diffusion
rate of aluminum atoms in the aluminum alloy substrate to
the stainless steel was faster under the action of the initial
contact force than that without the initial contact force. The
added initial contact force would not affect the temperature
of the dissimilar-metal aluminum alloy and stainless steel
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Figure 7 (Color online) (a) Fe-Al binary phase diagram; (b) XRD results of different cases.

molten pool.

(2) The preferred process parameters of the dissimilar-
metal aluminum alloy and stainless steel DMPIIM process
were obtained, and a matching relationship between the in-
terface connection of dissimilar-metal aluminum alloy and
stainless steel and the process parameters (laser power, wire-
feed speed, and platform moving speed) was established.

(3) When the laser power was 660 W, the wire feeding

speed was 55 mm/s, and the platform moving speed was
10 mm/s, the interface of dissimilar metals was the best and
could not be peeled off, and it had good feature size and
microhardness. SEM and XRD demonstrated excellent me-
chanical occlusion at the connection interface and no ob-
vious IMC layer.

This study provides an important reference for future re-
search in dissimilar-metal aluminum alloy and stainless steel
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wire-feed LAM. The DMPIIM can effectively reduce the
IMC layer when dissimilar metals need to be connected in
the aerospace field.
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