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Laser-Welded and Inflated Cold Plates for
Battery Electric Vehicles: A Novel Approach

A study of laser-welded and gas hydroforming/inflated aluminum alloy
cold plates was developed and applied to an AA3105-H24 prototype coupon

BY A. BOBEL, M. POUR, N. AVEDISSIAN, F. OKIGAMI, AND J. DELBOY

Abstract

Laser welding coupled with gas hydroforming is
a novel approach for fabricating electric battery
pack cooling plates. Obtaining continuous welds
that can sustain inflation and pressurization tests
is crucial. There are several challenges to achieving
this, such as weld distortion, inflation spring back,
and weld defects. Finite Element Analysis (FEA) is
an appropriate and useful approach to predicting
such behavior and anticipating any issues with
prototype designs. In this study, the thermal-
mechanical FEA modeling of laser welding and gas
hydroforming of two AA3105 aluminum alloy sheets
was done to study and validate the behavior of the
assembly by comparing simulation results to 3D
scans of welded and inflated parts. The simulation
accurately reflected the global distortions
measured postwelding and postinflation, with an
overall decrease in global distortion observed and
predicted after inflation. In addition, channel height
spring back was accurately captured and compared
to 3D light scan data.
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Introduction

Battery electric vehicles (BEVs) require active cooling of
the batteries, whether in the form of a cylindrical, pouch, or
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prismatic can, to maintain the operating temperature of the
cellsduring charging and discharge. These cooling plates can
take various forms, such as cooling ribbons, module-level
plates, and pack-sized plates (Ref. 1) to accommodate the
various battery shapes used in the vehicle battery pack. For
instance, cooling ribbons are commonly used in packs con-
taining cylindrical cells, as they can weave between the closely
packed cylinders and provide cooling to the cylindrical wall
of the cell. Module and pack-sized plates typically provide
cooling to one face or edge of the battery cells (i.e., pouch or
prismatic) and require a thermal interface material (TIM) to
fill gaps and voids between the cells and the cooling plate.
Keeping the thickness of the TIM as uniform and thin as pos-
sible is key to achieving good thermal performance since
the thermal conductivity of the TIM is significantly lower,
only 1-5 W/mK (Ref. 2), than that of the cold plate itself. One
critical factor in controlling TIM uniformity is the flatness of
the cold plate.

Conventionally, module and pack-sized cold plates are
made using controlled atmosphere brazing (CAB) of stamped
aluminum alloy sheets (Ref. 3). The CAB process for aluminum
is best characterized by closely controlled low-moisture and
low-oxygen atmospheres with the use of fluxes for oxide
removal to enable bonding at desired locations between com-
ponents. However, continuous CAB furnaces can be capital
intensive and have limitations on component size, and brazed
parts have low mechanical properties after brazing. The loss
in mechanical properties due to CAB processing is apparent
inthe commonly used cold plate AABOO3 Al-Mn-based alloy,
having an initial yield stress of 125 MPa pre-brazing and gen-
erally <60 MPayield stress post-brazing. When the cooling
plate lies under the battery cells, the low strength of these
alloys post-brazing necessitates the gauge to typically range
between1-2 mm to preventyielding of the cooling channels
duringinstallation of the cells and wet out of the TIM. As such,
manufacturing processes capable of utilizing higher-strength
materials, compared to post-brazed AA3003, can enable
lightweighting of the panels.
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Fig. 1 — A — Coupon design with key features from a generic cold plate; B — manufacturing process for laser-

welded and inflated battery cold plates.

Alternatively to CAB, laser welding and hydroforming are
common manufacturing processes used for large-volume
production of automotive components, including larger parts
such as seat frames, space frames, and engine cradles, and
those with higher strengths compared to the CAB process
(Ref. 4). Combining the laser welding advantages of high-
speed and noncontact with hydroforming’s capability to make
complex shapes presents a new manufacturing approach to
produce cooling plates for BEVs. However, these processes
present their challenges, including the formation of porosity
during remote laser welding for gas-tight parts (Refs. 5-8),
distortion from the heat input during welding (Refs. 9-11),
forming limits during hydroforming (Refs.12,13), and spring
back (Ref.14).

Mitigation of porosity in laser welding of aluminum is
essential in cold plates that must be hermetically sealed to
prevent coolant leakage. In addition, the strength and dura-
bility of the weld must be sufficient to withstand both thermal
and pressure cycle durability. Laser welding has been used
in multiple e-mobility applications with advantages such
as high welding speed, noncontact, and low energy input,
resulting in narrow heat-affected zones and low thermal
distortion. The reliability of the battery cold plate depends
on the strength of laser welds between overlapped upper
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and lower sheets. Poor weld quality in these connections
can affect the mechanical performance and the potential
for leaking. Compared to steel or copper alloys, aluminum
alloys with a combination of relatively high thermal conduc-
tivity, low heat capacity, and low density are currently the
most-favored material for battery cold plate applications.
However, these advantages, along with low boiling elements,
make aluminum laser welds more susceptible to porosity,
particularly for the higher strength 6XXX series (Al-Mg-Si)
and 7XXX series (Al-zZn) Al alloys.

Several methods have been investigated to address weld
porosity by controlling the keyhole and melt pool geometry
to minimize keyhole collapses, enlarge the melt pool size, and
thus, suppress bubble formation. Li et al. (Ref. 15) achieved
keyhole stability by defocusing the laser beam, thereby reduc-
ing the keyhole aspect ratio to suppress pore formation. An
Adjustable Ring Mode (ARM) laser is a novel beam-shaping
technique that combines two circular and donut-shaped
laser beams at the focal point, which has shown advantages
in keyhole stability and surface quality of welds (Refs. 16, 17)
by enlarging the keyhole opening. Laser beam oscillation has
also been demonstrated as an effective approachin reducing
porosity. Fetzer et al. (Ref.18) compared sinusoidal oscillation
in both longitudinal and lateral directions with circular oscilla-



Laser
oscillating path

QLY

Laser speedV ———>

Fig. 2 — Schematic of oscillating laser welding for Al lap joints.

Table 1 — Nominal Chemical Composition (wt-%) of AA3105 as Per the Alloy Technical Data Sheet with
Remainder as Al and Maximum Unless Shown as Range

Si Fe Cu Mn Mg

0.6 0.7 0.3 0.3-0.8 0.2-0.8
Cr Zn Ti Others Each Others Total
0.2 0.4 01 0.05 015

tion and found that circular oscillation was the most effective
in eliminating pores by facilitating the reabsorption of bubbles
by the keyhole during subsequentinteractions. Lietal. (Ref.19)
and Ke et al. (Ref. 20) observed that beam oscillation reduced
porosity by enlarging the melt pool, providing more time for
bubbles to escape to the surface. Recent studies have also
shown that the combination of ARM laser technology along
with beam oscillation has effectively reduced the porosity in
aluminum welds. Huang et al. (Ref. 21) showed that a circular
oscillation ARM laser welding mode facilitates the reabsorption
of bubbles by the keyhole, and stirring effects of the oscilla-
tion pattern create turbulence in the melt flow that prevents
bubbles from reaching the solidification line. In this study,
the combination of ARM laser and circular oscillation weld-
ing modes will be found to reduce porosity and improve weld
quality with uniform penetration depth along the weld joint.

Hydroforming is traditionally utilized to manufacture sheet
deep drawing and tubular components with complex shapes.
Hydroforming brings the advantages of high forming limits,
high precision, and fewer passes than traditional stamping
processes. However, aluminum alloys with low formability can
be challenging due to wrinkling and fracture when internal
pressures are too high, particularly with complex shapes
with multi-curved surfaces. BEV cold plates are relatively
less complex, having very shallow channels, on the order
of a couple of millimeters, making hydroforming an ideal
forming technique.

Advancements in numerical simulation of laser welding
and hydroforming have enabled the prediction and vir-

tual optimization of the manufacturing process. Different
modeling approaches can be utilized in the welding phase.
Computational fluid dynamics (CFD) and the finite element
method (FEM) are the most-used numerical methods to
model welding processes. Due toits high computational cost,
CFDisroutinely limited to local models that study melt pool
dynamics, as shown by Allu (Ref. 22). The CFD model lacks
the ability to predict mechanical results, such as stresses,
strains, and distortions due to welding. For this reason, FEM
will be used to model the laser welding process in this study.
In laser welding FEM modeling, the heat inputis approximated
by a heat source geometry and the input power. Moraitis
and Labeas (Ref. 23) presented some results for heat input
and distortion from the laser beam welding (LBW) of two
aluminum plates. Chen et al. (Ref. 24) studied the effect of
preheating and unclamping time on the residual stress and
distortion of LBW aluminum samples using the FEM.

Hydroforming modeling is restricted to either analytical
or finite element models. The plastic deformation resulting
from the internal pressure can be effectively modeled using
distributed loads. Much literature is available on water hydro-
forming, but the method also applies to gas hydroforming.
Ahmetoglu (Ref. 25) briefly reviewed hydroforming tech-
niques, with experimental validation for different samples.
Grizelj et al. (Ref. 26), presented some hydroforming shapes
predicted by FEM models for high-strength steel sheet metal.
Abedrabbo et al. (Ref. 27) discussed the wrinkling behavior
in thin sheets of 6111-T4 aluminum with good correlation
between experimental results and FEM models.
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Karabegovic and Poljak (Ref. 28) explored the behavior of
welded and hydroformed steel and aluminum samples and
developed an analytical model to evaluate the influence of
process variables on the experimental results. However, to the
authors’ knowledge, the literature for a combined numerical
model of laser welding and hydroforming is still nonexistent.
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Fig. 3 — A — Laser welding setup; B — weld of
interface rim; C — clamping strategy of center weld;
D — representative clamping strategy of periphery
welds.

This work combines the numerical modeling of laser
welding and gas-hydroforming of a representative battery
cold plate coupon with experimental validation. Two sheets
of AA3105 Al were remote laser welded together to form
a bonded blank that was then gas-hydroformed to inflate
the cooling channel. A coupled thermomechanical FEM was
calibrated to the laser heat input and utilized to simulate
the temperature field and resultant distortion of the welded
coupon before inflation and compared to 3D light scans of the
physical coupon. Following welding simulations, subsequent
numerical analyses of the gas-hydroforming process were
performed on the welded blank, and the resultant inflated
model predictions were compared to the physical coupon.

Experimental Procedure

A cold plate coupon was designed for this study, incor-
porating key features of a generic cold plate, including the
spigots, straight channel lengths, and a channel turnaround.
The coupon was approximately 340 mm long by 132 mm
wide with 36 mm wide channels (Fig. 1A). The manufacturing
process for cold plate coupons combining laser welding and



Table 2 — Characteristics of the Laser Beam Source, Delivery Optics, and Final Welding Parameters

Laser Source
Model Coherent ARM
Maximum Power 10 kW
Wavelength 1070 nm
Beam Quality <4 mm.mrad

Fig. 4 — Weld cross section for test No. 7 condition as
from Table 3.

gas-hydroforming is summarized in Fig. 1B. The first step
involves cutting or punching of the inlet and outlet holes in
the sheet that would become the flat side of the cold plate.
The radius of the hole is nominally 12.68 mm. Only one of
the two holes was made in this study, as no fluid flow testing
was performed using this coupon geometry. After the hole
is made, the interface rimislocated and laser welded to the
sheet. Subsequently, the channel laser welds are made using
aseries of three welds (to be discussed in more detail in the
following section). After laser welding, the plate is placed
onto a die with reliefs for the channels. An inflation tool is
placed over the interface rim, and compressed gas (in this
case argon) is introduced between the two welded sheets
through the inflation tool and interface rim using 3.45 MPa
(500 1b/in.2) of pressure. The sheet facing the die then yields
and deforms to take the shape of the die. After inflation, the
spigots are attached to the interface rim. The spigots for
the coupons presented here were not attached to allow for
better light scanning.

Scanning Optics

Fiber Diameter 50/230 um

Focusing Lens 450 mm
Collimating Lens 150 mm
Focus Diameter 150/690 um

Scan Field 200 mm X 300 mm

Material and Laser Welding

The aluminum alloy sheet utilized in this study was
AA3105-H24 with anominal composition as given in Table
1and the following relevant mechanical properties: 139.9
MPa (0.02%) engineering yield stress (YS), 168.2 MPa
engineering ultimate tensile stress (UTS), and total elon-
gation of 9.5%. It is worth noting that the AA3105-H24 is
significantly stronger than the 3003 post-braze properties
typical of controlled atmosphere brazed cold plates with
511 MPa (0.2%) YS, 147 MPa UTS, and 17.5% elongation. This
strengthincrease enables down gauging for lightweighting
using the laser weld and gas-hydroforming process while
still withstanding loads without yielding. In addition to the
sheet, an interface rim made of machined AA3003 was used
torepresentawelded-on cooling plate inlet/outlet port. It
was also used for the inflation gas-hydroforming process,
which will be discussed later.

Welding experiments were carried out using a Coherent
adjustable ring mode laser. This laser source emitted a total
power of 10 kW continuous wave output power at A =1070
nm wavelength. The experimental set-up isillustrated in Fig.
3A. The laser beam was delivered from the laser source to
the processing head scanning optic through an optical fiber
with a core/ring diameter of 50 pm/23 ym. The collimation
and focusing lenses with focal lengths of 150 mm and 450
mm resulted in a nominal beam diameter of 150 um/690 um
on the focus plane. Table 2 summarizes the characteristics
of the beam delivery system.

Inan ARM laser, the core and ring beams can be adjusted
separately, and it has been shown that the ring laser beam
stabilizes the center laser-induced keyhole during the laser
welding process (Ref. 29). Therefore, all experiments in this
study used a constant laser power ratio (core/ring) of 0.7.
The laser power and welding speed were kept constant, and
the oscillation parameters were investigated to achieve the
required weld geometry with low porosity. As schematically
shown in Fig. 2, the oscillating amplitude (A) was the maxi-
mum deviation of the laser’s oscillating path in the transverse
direction, and the oscillating frequency (f) represented the
number of circular patterns the laser completed every second.
The parameters of the single variable testing method are
presented in Table 3.
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Welding was performed in an overlap configuration for
both the interface rim and the sheets, with clamping of the
joining partners being essential for a successful welding
process. In all experiments, the laser beam focal plane was
positioned on the surface of the top sheet. To have a stable
clamping condition with no gap between the sheets, a fixture
strategy was developed for welding purposes, as illustrated
in Figs. 3B-D. Figure 3B shows the welding of the AA3003
interface rim with a1 mm weld flange to one of the 1 mm
gauge AA3105-H24 sheets, with abolt through fixture used to
locate the rim and provide additional clamping force. Figure
3Cillustrates the clamping setup during the straight center
weld, and Fig. 3D shows the first of the two periphery welds
that closed off the channel formations.

Three samples were fabricated using the same welding
parameters and configuration to evaluate process stability.
Weld microstructure was evaluated using an optical micro-
scope. Figure 4 depicts the representative cross section joint
microstructure obtained from the weld coupon from test No.
7in Table 3. Weld joints with alength of 100 mm were gen-
erated for process development, and cross sections were cut
atthree locations along the weld line at 30%, 50%, and 70%
to minimize the effect of the start and end of the welding
process. The hot-mounted transverse cross section of the
welds was polished using grit sizes (200-1200) followed by
polishing. Polished cross sections were etched with Keller
reagent to better reveal the fusion zone boundaries. In this
study, the criteria for selecting the welding parameters were
interface width, penetration depth, and calculated average
porosity across the representative cross sections of each
test condition. The interface width, which represented the
cross-sectional length of the weld interface at the faying
surface, was targeted to be approximately 1 mm (100% of
the thinnest material thickness). The penetration depth
into the lower sheet was targeted to be approximately 0.5
mm (50% of the thinnest material thickness).

Gas-Hydroforming and 3D Light Scanning

Sheet gas-hydroforming was performed with an internal
pressure configuration only. The welded blank was placed
on a machined steel die, as shown in Fig. 5A, with the side
having the interface rim fully clamped down except at the
rim location. The plate was then “inflated” using compressed
argon gas at 3.45 MPa (500 Ib/in.2) and released from the
die. Subsequently, the inflated sample was painted white
using matte spray paint and 3D light scanned using a GOM
ATMOS SO 4M, as pictured in Fig. 5B.

3D scan analysis was performed in ZEISS Quality Suite
INSPECT Optical 3D, as illustrated in Fig. 5C, for the unin-
flated and inflated samples. An initial axis alignment was
performed using a 3-2-1 alighment, and erroneous nodes,
such as those from the clamping fixture, were deleted. The
two best-fit normal planes were constructed parallel to the
face with the laser welds and the face with the interface rim.
Asurface comparison was then performed from the surface
nodes of the scanned geometry to each of the two nominal
planes previously generated for each face.
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Fig. 5 — A — Gas-hydroforming inflation die with
machined cavity for channel to inflate into; B — 3D
light scanning setup and clamping arrangement;
C — example of 3D light scan after axis alignment.

Numerical Model Development

The laser welding and hydroforming models were created
in Hexagon’s Simufact Welding 2024.2 and Simufact Forming
2024.2, respectively. Both models consist of a fully coupled,
thermal-mechanical, transient, nonlinear static finite element
simulation (Ref. 30). The fixture and tooling are modeled as
rigid bodies, and parts are modeled as deformable bodies
with linear hexahedral elements.

Thermal boundary conditions included convection, gov-
erned by Equation1,and a convective heat transfer coefficient
(fixed at 20 W/m?K):
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where QC is the convective heat loss, Ais the surface area, h
is the convective heat transfer coefficient, Tis the instan-
taneous temperature, and T and the ambient temperature.

Radiation was considered in a simplified manner through
an emission coefficient (fixed at 0.6), according to Equation 2:

Yo ot -1, @

where dr is the radiative heat loss, Ais the surface area, s
the emission coefficient, o is the Stefan-Boltzmann constant,
Tis the instantaneous temperature, and T is the ambient
temperature.

Finally, conduction was controlled by the bulk
material properties and by the contact heat transfer coef-
ficient, which was fixed at 1000.0 W/m?2K, according to
Equation 3
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where éb isthe contact heat transfer, Ais the contactarea, ai

sthe contact heat transfer coefficient, T, is the temperature
on one side of the contact, and T, is the temperature on the
other side.

The material model used temperature-dependent material
properties, namely the thermal conductivity, specific heat,
density, elastic modulus, and flow (stress-strain) curves, as
summarized in Fig. 6. Room temperature mechanical prop-
erty data were taken from tensile testing of the AA3105-H24
material. In contrast, temperature-dependent data were
calculated using JMatPro® version 14.1 using the nominal
chemical composition as listed in Table 1. The Poisson’s coef-
ficient was constantand equal to 0.3. The average chemical
composition was used in cases with arange of compositions.
The flow curves above room temperature were scaled accord-
ing to the room temperature experimental tensile data.

Due to the cold work present in the material, local fusion
due to welding would result in a local loss of strength. This
effect was not considered in this case, since the focus of
the study was on part deformation behavior and not on part
strength and because the effect is more localized in laser
welding when compared to other fusion welding processes
such as arc welding. However, if a strength testing finite ele-
ment analysis (FEA) model (such as burst testing) is to be
done, this effect should be included, along with an appropri-
ate damage model, so the local loss in mechanical strength
and increased ductility are correctly captured.

Laser Weld Model

The laser weld model was divided into two sub-stages: the
first for the rim weld and the second for the channel welds.
The coupon design defined the laser track trajectories from
the nominal weld locations. Figure 7 shows the model view
for the rim (A) and channels (B) laser welding models, (C) the
detail of the locally refined mesh, and (D) the detail of the
heat source. The table is shown in blue, the two sheets and
rimin grey, the clampsinred, and the laser track as a dotted
red and yellow line. The total number of elements and nodes
in the final model was 194,082 and 286,618, respectively.

The heat input was defined as a moving cylindrical volu-
metric heat source with 0.8 mm upper radius, 0.2 mm lower
radius,and 1.7 mm depth. The power was defined as 2650 W
and 2200 W for the rim and channel welds. The welding speed
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Fig. 7 — A — Model view for welding model of stage 1 (rim weld); B — model view for welding model of stage 2
(channel welds); C — detail of mesh refinement; D — detail of heat source.
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location
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Fig. 8 — A — Model view of the hydroforming model; B — cross-section view; C — detail of the region with

applied pressure in yellow.

was defined as 5 m/min. The efficiency value was calibrated
to match the experimental fusion zone dimensions better.
Thisisacommon procedure for FEM welding modeling (Ref.
9) since the true efficiency is not easily measurable in the
experiment. The final efficiency used was 67%. This value was
calibrated for the channel welds cross section and transferred
to be usedinthe rim weld model, since no detailed material
information was readily available for the rim material. The
results for the cross section of both welds are shown in the
“Results and Discussion” section.
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During welding of the interface rim, as shown in Fig. 7A, the
sheet (grey) was held by three clamps (red) with a force of
100 N each. A table (blue) supported the sheet from below,
and a pin/nut pair (locating tool asin Fig. 1B and Fig. 3B) was
used to center the interface rim to the hole and clamp the
rim to the sheet. In the channel welds stage (Fig. 7B), the
two sheets were held by clamps that mimicked the real-life
setup, as shown in Fig. 3C, D, with a force of 100 N each. A
table supported both sheets from the bottom.
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Fig. 9 — Light scans of the following: A — preinflation laser/channel weld side; B — preinflation rim side;
C — postinflation laser/channel side; D — postinflation rim sicle.

Sliding contact was allowed between parts and between
parts and boundary conditions. For the sheets, a “glued”
(tied) contact was established between nodes if the melting
point of the material was reached. This approach effectively
represented the welding locations and only connected the
regions that reached the melting point of the material. The
remaining regions maintained a sliding contact behavior.

After welding, 60 s of cooling time was allowed, followed
by the deactivation of the boundary conditions. The lower
sheet was then held with fixed nodes near its center of gravity
to allow free spring back of the parts. This was done after
the rim welds and the channel welds. Before the channel
welds stage, the clamps were moved to the “open” position
toaccommodate the spring back coming from the rim weld
stage, and the sheets were clamped in place before welding.
This was important since it realistically introduced clamp-
ing-related residual stresses into the assembly.

In the real process, the channel welds were divided into
three different stages to allow clamping the parts while still
maintaining a free path for the laser. The weld model was run
with a multistage and a single- (combined) stage approach,
and only minimal differences were observed. For this reason,
the results for the single-stage approach are presented here.
After welding, the clamping geometries were deactivated,
and the geometry could freely spring back due to residual
stresses and strains.

The welding model used a fixed time-stepping scheme for
the welding portion. The time step was automatically calcu-
lated based on the welding speed. The cooling load case used
temperature-based adaptive time stepping, which increased
ordecreased the time step size depending on the temperature
changes between increments. The friction coefficient was
defined as 0.2 for all contact pairs, and the contact type used
was node-to-segment.

Hydroforming Model

The result files from the Simufact Welding model were
loaded to Simufact Forming using a proprietary result format
(ARC) for the hydroforming model. The quantities in the file
included all major results, such as the stress tensor, strain
tensor, displacement vector, peak temperatures, and instan-
taneous temperatures.

The result file contained the result for the last step of
the welding simulation, where the part already presented
significant distortion. Because of that, the inflation tooling
started in the open position and was gradually closed to the
inflation position (referred as clamping stage from hereon).
The clamping stage was controlled by a time-dependent
force application on one of the tools. To guarantee complete
contact between the die faces and the sheets, a total force
of 88 kN (20,000 Ibs) was applied over a 0.5-s period. This
force was necessary to resist the counterforces during the
inflation step. Future studies will investigate the effect of
clamping force on the sheets’ inflation and spring-back
behavior.

After clamping, the internal pressure was modeled using
apressure boundary condition applied to the interior faces
of the sheets (inside of the welded area). Figure 8 shows
(A) the model view with the tooling and sheets in the open
position, (B) a cross-section view of the geometries, and (C)
the region on both sheets where pressure was applied. The
region selection was done with a plane/angle-based algo-
rithm and could not be executed precisely. Still, the selected
region was deemed acceptable since it was constrained to
the regioninside the weld area. The total pressure applied
was 3.45 MPa (500 Ib/in.?), as used to manufacture the
physical samples. The pressure ramped up in 0.5 s, was
maintained for 0.5 s, then ramped down to zero over 0.5
s. After the pressure was removed, the tooling was deacti-
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vated, and the sheets were held in place using fixed nodes
near the center of gravity of one of the sheets. Thiswas done
to enable free spring-back of the geometries.

The inflation model used a fixed time stepping of 0.05 sand
ahybrid contact algorithm. This algorithm combined aspects
ofthe node-to-segment contact (usually faster) with the more
precise contact patch calculation of segment-to-segment
contact. The friction coefficient was defined as 0.2 for all
contact pairs.
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Results and Discussion

Laser Welding Parameter Selection

The resultant welding parameter selected for the
AA3105-H24 1 mm-to-AA3105-H24 1 mm sheet weld was
that of test No. 7 with a core/ring power of 900/1300 W,
circular oscillation with 400 Hz, 0.3 mm oscillation ampli-
tude, and speed of 5 m/min. For the AA3003 interface rim to
AA3105-H241mm sheet weld, only the power was increased
to 1150 W and 1500 W, respectively, for the core and ring.

Welded Regions

H Experimental Macrograph

Virtual Macrograph
2.26 mm

P
- A

»

1.59 mm

1.28

Fig. 10 — A — Interface rim peak temperature plot; B — rim experimental cross section; C — rim numerical
cross section; D — channel welds peak temperature plot; E — channel weld experimental cross section;
F — channel weld numerical cross section. Note: The temperature scale in A is the same as in C, D, and F.
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3D Light Scan Results

The 3D light scans from the most distorted cold plate cou-
pons in both the postwelding and postinflation states are
shown in Figs. 9A, B,and C, D, respectively. The deviation from
anominal flat plane is shown for each side of the coupon. It
was observed that post laser welding, the global distortion,
measured as the difference between the middle region and

Global Distortion: 2.33 mm

the corner regions, was between 3.55 and 3.74 mm. It is worth
noting that coupon global distortion did vary post laser weld-
ing between coupons, with some coupons achieving global
distortions as low as 1.88 mm. The corners were found to
bow toward the laser-welded side of the coupon, with addi-
tional local distortion observed caused by the interface rim
weld, the location of which is annotated by the black dashed
line for reference. Following inflation, the global distortion

Global Distortion: 2.25 mm

Seutac Deviation fes Soan)

Fig. 11 — Surface deviations vs. CAD for postweld condition from the following: A — Laser side; B — interface
rim sicde. Surface deviations vs. 3D light scan as from Fig. 9 for postweld condition from the following: C — laser
side; D — interface rim side. The black dashed line corresponds to the general location of the interface rim.

Table 3 — Welding Process Parameters Explored for AA3105-H24 1 mm to AA3105-H24 1 mm

Test No. Laser Power

w)

Core Ring
1 900 1300
2 900 1300
3 900 1300
4 900 1300
5 900 1300
6 900 1300
7 900 1300
8 900 1300

Weldmgspeed LSS Mmitus

(H2) (mm)

5 100 0.75

° 100 15

5 200 0.45

5 200 0.9

5 300 0.35

5 300 0.7

5 400 0.3

5 400 0.6
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Fig. 12 — A — Pressure and clamping force evolution graph; B-F — vertical (Z) displacement evolution for

inflated side.

in the coupon was found to decrease, ranging from 1.57 to
1.80 mm for the shown coupon. Aslight bow remained along
the length of the coupon. The channels were inflated with
arelative height of about 1.52-1.85 mm, slightly below the
nominal channel height of 2.0 mm machined into the die.
These physical light scans formed the basis by which the
laser weld and inflation model distortions will be compared.
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Welding Model Results and Comparison

As previously mentioned, the simulated weld fusion zone
was calibrated and compared to the experimental cross sec-
tions. Figure 10 shows the peak temperature plots highlighting
all welded regions in the model (A) for the interface rim and
(D) for the channels. Figure 10 also shows (B, E) the experi-
mental cross section and (C, F) the virtual cross section for
the interface rim weld and channel welds, respectively. The
legend uses a white color for every region above the material’s
melting point, making it easy to compare the fusion zones.



Global Distortion: 1.99 mm

Global Distortion: 1.79 mm

Surface Deviation (vs Scan)

e —, s

Fig. 13 — Surface deviations vs. Flat CAD for postinflation condition from the following: A — Laser side; B —
interface rim side. Surface deviations vs. 3D light scan as from Fig. 9 for postinflation condition from the
following: C — laser side; D — interface rim side. The black dashed line corresponds to the general location of

the interface rim.

Comparing the fusion zones for the channel welds (Figs. 10E,
F) to which the heat input model was initially calibrated, the
heat input model resulted in a very accurate reproduction of
the physical cross section. The penetration depth was within
0.03 mm, the upper face width was within 0.3 mm, and the
width at the interface between the two sheets was within 0.19
mm. Similarly, comparing the fusion zones of the interface rim
weld, which was based on the channel weld calibration but
with increased power, the penetration depth was within 0.75
mm, the upper face width was the same as the experiment,
and the interface between the two sheets was within 0.76
mm. As expected, the interface rim weld cross-section profile
was less accurate with only power scaling considered. Further
accuracy for the rim weld fusion zone can be obtained using
a separate heat source calibration. Regarding the porosity
observed in the experimental cross sections (Figs. 10B, E),
the circular porosity was evidence of entrapped gas within
the weld; however, this was deemed acceptable as hermetic
sealing was maintained in the resultant welded parts.

The surface deviation for the laser welding model results
as referenced to the flat CAD sheet is shown in Fig. 11A for
the laser welded side and Fig. 11B for the interface rim side.
The interface rim is annotated with a black dashed line. The
same distortion trends were observed in the laser weld model
results as in the physical samples, as shown in Fig. 9, with a
bow forming toward the laser-welded face. The global distor-
tion predicted by the laser weld model was 2.25-2.33 mm,
within the variations of global distortions measured across
multiple physical samples of 1.88-3.74 mm, as mentioned
in the “Experimental Procedure” section. The comparison
of the laser weld model prediction directly to the 3D light
scan after best fitalighmentis shown in Fig. 11C for the laser
welded side and Fig. 11D for the interface rim side. The laser
model simulated distortion was within approximately +1 mm
of both sides of the welded coupon. It is worth noting that

while the laser weld model predicted some distortion during
the interface rim weld step, it did not predict localized distor-
tion around the interface rim following the channel welding.
Additional studies on the interface rim weld and effects of the
locating tool and clamping conditions can address this local-
ized distortion mismatch. Overall, the laser welding model
accurately reflected the behavior of the physical coupon
post laser welding.

Hydroforming Model Results and
Comparison

Hydroforming started with the prior residual stresses
and strains from the welding model. In Fig. 12, a graph of
the clamping force and internal pressure evolution is shown
along with the Z displacement evolution at key points in time.
At time point A in Fig. 12, the clamp was open and the dis-
torted laser-welded blank was between the die and the table.
From Ato B, the clamp force was linearly increased until the
closed condition was reached, resulting in the straighten-
ing of the welded bank as observed in the Z displacement,
which returned to zero (green color). From B to C, the gas
pressure on the internal faces of the blank was increased
linearly, resulting in the yielding of the sheet against the die
profile and formation of the channel (red). This continued
from Cto D as the pressure was constant for 0.5s. From D to
E,theinternal gas pressure was then released linearly while
the clamp force remained active. The clamp was removed at
point F, and the inflated coupon could spring back.

The inflation model and the physical coupons exhibited
the same distortion trends. The bow along the long axis of
the coupon was predicted and correctly oriented toward
the coupon’s laser-welded/channel side. The channel height
spring back after inflation was also correctly predicted, with
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achannel height approximately1.32-1.75 mm tall compared
to that previously measured for the physical couponat1.52-
1.85 mm.

The surface deviation between the welding simulation
and 3D scan data after best fit is shown in Fig. 13 for both C,
the inflated laser/channel side, and D, the interface rim/flat
side. The surface deviation between the simulation and the
3D light scan was within £0.5 mm on either side of the plate.
Overall, the simulated coupons incorporating distortions
fromwelding and gas inflation were in very good agreement,
particularly regarding the bowing, channel heights, and global
distortions.

Conclusions

A combined experimental and computational study of
laser-welded and gas hydroforming/inflated aluminum alloy
cold plates was developed and applied to an AA3105-H24
prototype coupon. Suitable laser parameters were deter-
mined for welding AA3105 1 mm to 1 mm aluminum sheet
that could achieve hermetic sealing of the cold plate coupons.
A coupled thermomechanical FE model was used to predict
the coupon’s temperature and strain field evolution during
welding. The spring back was then compared to 3D scans of
the physical coupon. Using the laser welding results, an FE
model was then developed to simulate the inflation process
where 500 Ib/in.? gas was injected into the prewelded blank
to deform and inflate the cold plate channels. The numerical
methods developed here can be further applied to investi-
gate more-complex cooling plate configurations where part
quality (e.g., spring back) will be paramount to enable good
interfacing with battery cells. The following major conclu-
sions can be made:

1. The proposed combination of laser welding and gas infla-
tion can form battery cold plates with nominally flat back
sides for proper interfacing with battery cells, which helps
minimize TIM thickness variation. The developed FE simu-
lation accurately predicted the inflated cold plate coupon,
exhibiting trends such as bowing along the long edge towards
the laser welded side, post laser welding and post inflation,
channel height spring back after inflation, and overall global
distortion of the part.

2.The manufacturing simulation accurately predicted the
global surface deviations between simulation and 3D light
scans within £1.0 mm postwelding and £0.5 mm postin-
flation. However, the simulation did not accurately capture
localized distortion around the interface rim postwelding.
Lack of material data for the interface rim and heat input for
the laser weld were likely key contributors.

3. Global distortion of the coupon decreased from the
laser welding step at 1.88-3.74 mm in the physical scans to
the inflation processing step at1.57-1.80 mm. The FE model
accurately predicted this, going from 2.25-2.33 mm post
laser welding to 1.79-1.99 mm post inflation.

4, The channel height was found to spring back after infla-
tion from a nominal 2 mm height as machined into the die
to approximately 1.52-1.85 mm tall. The developed model
accurately predicted a final channel height of approximately
1.32-1.75 mm. Accurate prediction of the channel geome-
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try is critical for the thermal performance of the cold panel,
including fluid dynamic targets such as pressure drop and
fluid velocity.
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