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Abstract: Similar joining of highly thermal conductive and optical reflective aluminum alloy Al 3003 and SS alloy SS316 for 
hermetic sealing of lithium-ion cell casing application has been investigated using Nd:YAG pulsed laser welding. Microstructural 
investigations were carried out to characterize the welding zone interface by optical microscopy and scanning electron microscopy. 
Industrial X-ray 3D computed tomography was carried out on the welding zone to identify the defects such as spatters, gas voids, 
recast and tapers. It was found that spatters exist in weld zone of SS316L lid and case and show higher hardness (HV 200-210) in the 
weld area compared to the base metal (HV-175-10) due to fine-grained microstructure. In the case of Al 3003, the laser welding 
parameters were optimized to obtain 100% joint efficiency with defect free weld zone, and the hardness behavior was dictated by 
grain size and annealing effects. Furthermore, the welded casings of the cylindrical cells of Li-ion battery were subjected to He-leak 
detection to ascertain the hermiticity.  
 
Key words: Laser welding, lithium-ion batteries, aluminum alloys, hardness, microstructure, X-ray 3D computed tomography, 
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1. Introduction 

Lithium-ion (Li-ion) batteries have emerged as the 

most promising power sources for electric 

vehicles/hybrid electric vehicles (EVs/HEVs) due to 

their high energy density, high specific power and 

long cycle life [1-3]. Li-ion cell fabrication process 

involves the assembly of various components. 

Electrodes (cathode and anode) are fabricated using 

current-collector foils (Al and Cu) and are wound 

together followed by injection of electrolyte to build 

the electrochemical system. Due to the reactive nature 

of the electrolyte and other cell components, the 

                                                           
*Corresponding author: Raghavan Gopalan, associate 
director, research fields: high Tc superconductors, magnetic 
materials, Li-ion battery, thermoelectric and structure-property 
correlation of functional materials. 

Li-ion cell components have to be closed in a 

hermetically sealed casing (or can/container) after 

assembly.  

Cell casing materials are typically made up of 

stainless steel, nickel-plated mild steel, aluminum and 

its alloys. Several factors such as mechanical 

properties and casing material weight determine the 

applicability of casing materials for hermetic sealing. 

The energy density of the battery in EVs is dictated by 

the total weight, including casings. Aluminum, due to 

its lower density, is preferred as a light-weight choice 

for EV batteries [4]. However, for long term operation 

under harsh conditions and safety requirement, 

stainless steel is more suitable material for battery 

casing, due to its excellent performance in crash 

energy management, higher strength and excellent 
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corrosion resistance and relative ease of weld 

processing [5, 6]. Laser welding provides several 

process advantages like high welding speed, 

consistent weld quality and ability to weld dissimilar 

materials, and precisely weld with low heat input 

which makes it an attractive choice for sealing the 

battery casings. The latter is especially critical for 

battery application since the weld process should not 

cause heating of the battery materials that would lead 

to performance degradation [7]. Due to the narrow gap 

requirement for the laser welding process, tight 

tolerances and part fit-up are essential for successful 

sealing. While several studies on structure-property 

relationships of stainless steel laser welds have been 

reported [8, 9], specific investigations of laser welding 

process for battery casings with analysis of 

microstructure-mechanical property correlations are 

not available. In this work, Nd : YAG laser welding of 

two candidate materials for Li-ion battery casings, 

namely, stainless steel (SS) 316L and aluminium (Al) 

3003 alloy, are investigated with an aim to optimize 

the process parameters and provide material 

recommendations for EV battery casings. The results 

from this work, while focused on Li-ion batteries, can 

also be applied to other problems where hermetic 

sealing of stainless steel or aluminum parts is critical.  

2. Experimental 

In this study we have used a Nd:YAG pulsed laser 

system for welding of SS316L and Al 3003 alloys. 

The work station of the laser system is shown in Fig. 

1. 

Sheet materials of SS316L (0.5 mm thick) and 

aluminum alloy 3003 (1 mm and 2 mm thick) were 

used for laser welding processing and 

characterization. The nominal chemical composition 

of SS 316L and aluminum alloy 3003 that were used 

for the present work is given in Table 1. 

 

 
Fig. 1  Schematic diagram of Nd:YAG pulsed laser welding system.  
 

Table 1  Chemical Composition (in wt.%) of the base material.  

Specimen Fe Si Cu  Mn Cr  Ni Mo N P S C Al  

SS 316L Balance 0.75 -- 2.0 17.2 12.8 2.5 0.10 0.045 0.03 0.03 - 

Al 3003 0.35 0.3 0.2 1.2 - - - - - - - Balance 
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For welding experiments, 150 mm × 100 mm sized 

specimens were cut and edges of the plates were 

polished to minimize the gaps between the joint 

surfaces. To remove oxide layer and residuals from 

the surface of the samples prior to welding, wire 

brushing was done, followed by acetone wash. In 

addition, representative cylindrical battery casings of 

SS 316L (33 mm diameter × 60 mm height × 1 mm 

thick) and Al 3003 (33 mm diameter × 60 mm height 

× 2 mm thick) were welded (lid to case) using the 

laser parameters mentioned in Table 2.  

Pulsed Nd:YAG laser (1,064 nm wavelength) was 

used for welding the plates without filler material. The 

laser beam was focused on the samples by a specially 

built optical system consisting of a beam expanding 

telescope (BET) and a lens of 80 mm focal length, 

giving a beam diameter 600 µm at the focal point. The 

focal plane of the laser was positioned at the surface 

of the sheet. Argon shielding gas was fed through a 4 

mm diameter nozzle in the trailing mode configuration 

at a gauge pressure of 2 bar, 18 L/min flow rate at a 

nozzle standoff distance of 3 mm. Initially bead-on-plate 

welds were carried out to optimize the weld 

parameters for laser welding of 0.5 mm thick SS 

316L, 1 mm thick Al 3003 and 2 mm thick Al 3003 

plates.  

The plates were held in place using a fixture and 

argon gas was used as shielding during both the SS 

316L and Al3003 alloys welding to protect the melt 

from oxidation. The k-type thermocouple was used to 

measure the temperature of the cylindrical casing at a 

distance ~5 mm away from the joint during welding. 

After welding, the plates were visually observed for 

gross defects. Samples for microscopy and hardness 

measurements were sectioned in the direction 

perpendicular to the welding direction. Specimens 

were then mounted, polished and etched. An optical 

microscope coupled with image analyzer was used to 

first observe the weld microstructures and make 

measurements of the weld profile. Detailed 

microscopic and elemental analyses were performed 

using a scanning electron microscope (SEM) equipped 

with energy dispersive X-ray spectroscopy (EDS).  

Vickers micro-hardness tests were performed on the 

cross-sectional specimens across the weld zone, 

heat-affected zone (HAZ) and base material with a 

load of 200 gf for SS 316L and 50 gf for Al 3003with 

a spacing of 150 µm between subsequent indents. 

Hermiticity of the cylindrical casings welded using 

optimized parameters in Table 2, were checked by 

He-leak detection system. A tube of 8 mm diameter was 

welded to the lid and a vacuum pump was connected to 

the cylindrical casing through the tube and evacuated 

completely. This setup was linked to the helium mass 

spectrometer (leak detector). The pressurized helium gas 

was sprayed along the weld seam (joint) to check the 

hermiticity of the weld zone. To investigate the depth of 

penetration and defects existing in the weld zone, high 

resolution industrial X-ray 3D computed tomography 

was conducted on the weld casings.  
 

Table 2  Optimized laser welding processing parameters for Al 3003 and SS 316L plates. 

Sample 
Pulse width 
(ms) 

Rep rate 
(Hz) 

Pulse energy 
(J) 

Process speed 
(mm/s) 

Sheet thickness(mm)

SS 316L 10 20 11 7 0.5 
Al 3003 
(Specimen 1) 

8 10 42 4.2 2 

Al 3003 
(Specimen 2) 

5 30 20 8.4 1 

Al 3003 
(Specimen 3) 

5 12 20 3 1 

Al 3003 
(Specimen 4) 

5 12 20 4 1 

Al 3003 
(Specimen 5) 

5 12 20 4 1 

 



  

 

3. Results 

3.1 Microstr

Scanning 

316L weld 

clearly iden

(HAZ) and 

microstructu

grains resu

consequence

laser weldin

grain growth

boundary. I

welding lite

fusion zone

temperature 

and the grow

alloy [8, 9]

solidification

equiaxed), w

cooling rate 

[10]. The fin

fusion zone 
 

Fig. 2  Cross
zone, HAZ a
interface. 

Microstruc

and Discus

ructure 

electron mi

cross-section

ntified fusion

base metal m

ure of fusion 

ulting from 

e rapid solidi

ng process. 

h almost per

t has been f

erature that 

e and the H

gradient at 

wth rate R, d

. The ratio G

n (planar, ce

while the pr

that affects 

ne-grained m

is a result of

s-sectional SE
nd base metal

cture and Mec
Alum

ssion 

icrographs (S

n are shown

n zone, hea

microstructure

zone consist

the localize

fication inher

The HAZ 

rpendicular to

fairly well es

the microst

HAZ are det

the solid-liq

during the so

G/R determin

ellular, dendri

roduct G × R

the size of th

microstructure

f high cooling

M micrograph
l microstructu

chanical Prop
minum Alloys

SEM) of the

n in Fig. 2 w

at affected z

es (Fig. 2a).

ts of fine cell

ed heating 

rent to the pu

shows colum

o the solid-li

stablished in

tructures of 

termined by 

quid interfac

lidification o

nes the mod

itic, columna

R represents

he microstruc

e observed in

g rates, which

hs of laser we
ures, (b) magn

perties of Pul
s for Lithium

e SS 

with 

zone 

The 

lular 

and 

ulsed 

mnar 

quid 

n the 

the 

the 

ce G 

of an 

de of 

ar or 

 the 

cture 

n the 

h are 

typi

The

plan

rati

grad

grai

fusi

S

51 

com

bas

95%

occ

and

dete

rela

disc

bou

A

wel

a h

wel

supp

elded 0.5 mm
nified view of f

lse Laser We
-Ion Cell Cas

ically seen in

e solidificatio

nar-cellular r

o due to l

dients also r

ins almost p

ion line (Fig.

SS 316L weld

MPa and m

mpared to 58

e material. E

% for laser w

urred at the 

d size of the 

ermine the 

atively well

continuities s

undaries leadi

Al welding i

lding since A

high reflectiv

lding typicall

plied at a fast

thick SS 316L
fusion zone an

lded Stainles
sings 

n the laser w

on mode in t

egime, owing

laser weldin

resulted in t

perpendicular

2c).  

ds exhibit a 

maximum el

80 MPa and 

Effectively the

welding of S

fusion zone-

microstructu

tensile prop

-defined HA

such as preci

ing to a slight

s more chal

Al has higher 

vity of the la

ly needs high

ter rate compa

L plates: (a) w
nd (c) magnifi

ss Steel and  

welding proce

the fusion zo

g to a relative

ng [11]. La

the growth 

r to the boun

tensile streng

longation of 

49% respect

e joint efficie

SS 316L pla

-HAZ interfa

ures have be

erties [12, 

AZ, it is 

ipitates form 

t weakening o

lenging com

thermal cond

aser beam. T

her power th

ared to SS we

welding zone s
ed view of HA

221

ess (Fig. 2b).

one is in the

ely high G/R

arge thermal

of columnar

ndary of the

gth of 551 ±

f 24 ± 10%

tively for the

ency is about

ates. Fracture

ace. The type

en shown to

13]. With a

likely that

at the grain

of the joint. 

mpared to SS

ductivity and

Therefore, Al

hat has to be

elding [4, 14]. 

 
howing fusion

AZ-base metal

. 

e 

R 

l 

r 

e 

± 

% 

e 

t 

e 

e 

o 

a 

t 

n 

S 

d 

l 

e 

 

n 
l 



  

222

 

The proce

Al 3003 plat

pulse energy

achieve full 

spatter was 

short pulse d

It was also

resulted in t

The welding

the formatio

The visual 

acceptable f

parameters 

produce a 

penetration o

3.2 Mechani

Figs. 3a a

mm and 2 m

sheets, resp

image of c
 

Fig. 3  Micro
thick SS316l p

Microstruc

ess parameter

tes are detaile

y (42 J for 2

penetration w

observed dur

duration and h

o observed th

the formation

g without Ar

on of pores/m

surface qual

for the param

have suffici

sufficient 

of the laser b

ical Propertie

and 3c show

mm thick w

ectively. Fig

corresponding

o-hardness pr
plate, (c, d) 2 m

cture and Mec
Alum

rs for weldin

ed in Table 2

2 mm sheets

welds. Proce

ring welding 

high pulse en

hat welding 

n of undercut

rgon inner bl

micro-cracks d

lity of Al 3

meters listed 

ient high po

key-hole 

eaminto the A

es 

w the hardnes

elded SS 31

gs. 3b and 3

g weld cros

ofiles across th
mm thick Al30

chanical Prop
minum Alloys

ng of 2 mm t

2. As such, hig

s) was neede

ss instability 

of Al 3003 w

nergy parame

at lower sp

t and underb

anket resulte

due to oxidat

003 welds w

in Table 2. 

ower density

to enable 

Al 3003 alloy

ss profiles of

6L and Al 3

3d shows op

ss-sections a

he weld area a
003 plate.  

perties of Pul
s for Lithium

thick 

gher 

ed to 

and 

with 

eters. 

peed 

bead. 

ed in 

tion. 

were 

The 

y to 

full 

y.  

f 0.5 

3003 

tical 

long 

with

mic

tren

to th

F

sho

175

– 2

in b

foll

Fin

in h

hard

mic

300

dist

indi

of l

the 

the 

hard

and cross-secti

lse Laser We
-Ion Cell Cas

h the ind

cro-hardness 

nd of hardnes

he base meta

For SS 316L,

ws a steady

5-180) to the 

10 in the fus

between the

lows a typic

e-grained mi

higher hardn

dness cor

crostructure. W

03 shows a ve

tinction betw

icating a very

laser welded 

HAZ (HV 4

fusion zone

dness is  high

ional microgra

lded Stainles
sings 

dentation p

tests. Both 

ss, with a hard

l.  

, it can be ob

y increase fro

fusion zone w

ion zone. Th

se two zone

cal microstru

crostructure 

ness while th

rresponding 

Whereas, the

ery fine-grain

ween the f

y narrow HA

Al 3003 sho

40-43) and an

 (HV 54-58)

her is  due to t

aphs of laser w

ss Steel and  

profiles fro

graphs sho

der fusion zo

bserved that 

om the base

with a platea

he hardness o

es. The hard

ucture-depend

in the fusion

he HAZ has 

to the 

e laser welde

ned structure w

fusion zone 

AZ. The hardn

ows a distinc

n increase in

). While the 

the  fine-grain

welded plates. 

om Vickers

w a similar

one compared

the hardness

e metal (HV

au of HV 200

f the HAZ is

dness profile

dent pattern.

n zone results

intermediate

columnar

d zone of Al

with no clear

and HAZ,

ness behavior

ct softness in

n hardness in

fusion zone

ned  structure

 
(a, b) 0.5 mm

s 

r 

d 

s 

V 

0 

s 

e 

. 

s 

e 

r 

l 

r 

, 

r 

n 

n 

e 

e 

m 



  

 

(as in the ca

HAZ is relat

is a non-hea

by strain ha

process cau

caused a r

Consequentl

below that o

Tensile te

3003 sheets 

different stre

vs. 93 MPa)

of the two m

“H14” temp

“O” temper.

the 1mm th

sheets. It is 

and 2 failed 

weakened d

process. Thi

compared to

# 3-5 failed

case, the str

of the base 

alloys produ
 

Fig. 4  SEM 
weld zone for
specimen. 

Microstruc

ase of SS 31

ted to the nat

ated treatable

ardening. It s

sed an annea

reversal of t

ly, the hard

of the base ma

ests of welde

were carried

ength for the

), which is po

materials. Th

per, while the

 The joint eff

hick sheets an

interesting to

at the fusion

due to anneal

is weakening

o the base ma

d at the HAZ

rength is equa

material. W

uces a HAZ w

fractograph o
r 0.5 mm SS 3

cture and Mec
Alum

6L), the hard

ture of Al 300

e alloy which

shows that th

aling effect 

the strain h

dness in thi

aterial.  

ed 2 mm and

d out. The bas

 2 mm and 1

ossibly due to

he 2 mm thic

e 1 mm thick

fficiency is 10

nd ~70% of 

o note that th

n zone-HAZ i

ling effects f

g resulted in 

aterial. In con

Z-base metal 

al or greater 

Welding of no

with the mech

of (a) 0.5 mm S
316L specimen

chanical Prop
minum Alloys

dness drop in

03 alloy. Al 3

h is strengthe

he laser wel

in the HAZ 

hardening ef

s zone drop

d 1 mm thick

se materials s

 mm sheets (

o different tem

ck sheets wer

k sheets wer

00% or higher

the 2 mm t

he specimens

nterface whic

from the weld

a lower stren

ntrast, specim

interface. In 

compared to 

on heat-treat

hanical prope

SS 316L base m
n, (e) weld zon

perties of Pul
s for Lithium

n the 

3003 

ened 

ding 

that 

ffect. 

pped 

k Al 

how 

(189 

mper 

re of 

re of 

r for 

thick 

s # 1 

ch is 

ding 

ngth 

mens 

this 

that 

table 

rties 

of a

vali

duc

whe

brit

4c, 

sam

also

wel

defe

dim

flat 

3.3 

H

com

the 

casi

was

gas

casi

Al3

max

wel

is w

metal, (b) 2 m
ne for 2 mm A

lse Laser We
-Ion Cell Cas

an annealed “

idated in this

ctile fracture 

ereas 2 mm

ttle fracture in

4e and 4f)

mples. Tensile

o carried out. 

ld zone was 

fects were fou

mple ductile f

facets (Figs.

He-Leak Tes

He-leak test

mputed tomo

quality and 

ing of the Li

s inserted and

. The lid att

ing as show

3003 using th

ximum temp

lding process

within  the saf

mm Al 3003 bas
Al 3003 specim

lded Stainles
sings 

“O” temper a

s study. 1 mm

in both bas

m samples sh

n base metal 

). Gross def

e test of 0.5 m

Ultimate ten

95% of that 

und in this c

fracture and 

4a and 4d). 

t and X-Ray 3

t and high 

graphy were

hermiticity o

ithium ion ce

d welded to th

ached to the

wn in Fig. 5

he optimized p

perature in 

s was found

fety  range (< 

se metal, (c) 1 
men and (f) w

ss Steel and  

alloy and such

m samples sho

se metal and

howed both 

and weld zo

fects were f

mm SS 316L

nsile strength 

of base met

case. Base m

weld zone s

 

3D Tomograp

resolution 

e carried out 

of the welde

ells. 1 mm d

he lid for inje

e tube was w

5 for both 

parameters (T

the casing 

d to be < 60

80 oC)  to pre

mm Al 3003 b
weld zone for 1

223

h behavior is

owed largely

d weld zone

ductile and

one (Figs. 4b,

found in the

L sample was

(UTS) of the

tal. No gross

metal showed

howed some

phy 

X-ray 3D

to ascertain

ed cylindrical

diameter tube

ecting the He

welded to the

SS316L and

Table 2). The

during the

0 oC, which

event  battery

 
base metal, (d)
1 mm Al 3003

3

s 

y 

e 

d 

, 

e 

s 

e 

s 

d 

e 

D 

n 

l 

e 

e 

e 

d 

e 

e 

h    

y 

) 
3 



  

224

 

material deg

Al 3003 we

with a limit 

X-ray 3

conducted o

cylindrical b

the welding

obtained wi

and Al 3003

X-ray tomo

and Al 300

5b-5d show

mm depth f

(measured u

5g-5i) are fr

the weld su
 

Fig. 5  (a-e) 
taken at vario
 

Fig. 6  (a) SS
 

Microstruc

gradation [7]. 

elded cylindr

of < 4.4 × 10

D compute

on laser wel

battery casing

g. It was fo

ith utmost h

3 casing sea

graphy 3D v

03 cylindrica

w images take

from the wel

using scene c

rom depth of 

urface of Al

X-ray 3D-com
ous depth of w

S 316L weld zo

cture and Mec
Alum

He-leak tests

rical casings 

0-9 mbar·L/s. 

ed tomograp

lded SS 316

gs to ascerta

ound that th

ermiticity fo

aling. Figs. 5

view of the w

al casings re

en from 2.12

d surface of 

coordinate sy

3.75, 2.85 an

l 3003 casin

mputed tomogr
weld zone from 

one with spatte

chanical Prop
minum Alloys

s of SS 316L

showed no 

 

phy scan 

6L and Al 3

ain the qualit

he welding 

or both SS 3

a and 5f are

welded SS 3

espectively. F

2, 2.43 and 

f SS 316L ca

ystems) and F

nd 0.13 mm f

ng. The weld

raphy cross se
surface.  

ers, (b) Al 3003

perties of Pul
s for Lithium

L and 

leak 

was 

3003 

ty of 

was 

316L 

e the 

316L 

Figs. 

2.49 

asing 

Figs. 

from 

ding 

pen

diff

SS3

app

300

dist

at a

case

wel

obs

high

O

be 

whi

ove

we 

ection images o

3 weld zone wit

lse Laser We
-Ion Cell Cas

netration dep

ference of v

316L case 

proximately 0

03 cell. In c

tributed spatt

a welding dep

e of Al 3003

lding depth 

erved in SS 

h power dens

Overall, both 

acceptable ca

ich can be w

er SS, due t

look for auto

of SS 316L cy

thout spatters.

lded Stainles
sings 

pth was me

values from

sealing the

0.37 mm whi

case of SS 3

ters were obs

pth of 2.43 m

 there were n

(Fig. 6b). T

316L during 

sity  

SS 316L an

andidate mat

welded by pu

to its low d

omotive appli

lindrical cell, 

.   

ss Steel and  

easured by 

m the z-coo

e welding 

le it was 3.6

316L weldin

served in the 

mm (Fig. 6a) 

no spatters th

he formation

welding pro

nd Al 3003 w

terials for ba

ulse laser. Al

density, espe

cations wher

(f-j) Al 3003 c

 

finding the

rdinate. For

depth was

2 mm for Al

ng, randomly

sealing zone

where in the

hroughout the

n of spatters

obably due to

were found to

attery casings

l is preferred

ecially when

e the battery 

cylindrical cell

e 

r 

s 

l 

y 

e 

e 

e 

s 

o 

o 

s 

d 

n    

 

l 



Microstructure and Mechanical Properties of Pulse Laser Welded Stainless Steel and  
Aluminum Alloys for Lithium-Ion Cell Casings 

  

225

 

pack needs to be as light as possible. Further 

investigations on the specific tests for the use of laser 

welded casings for battery applications, such as 

pressure testing, corrosion, are in progress. 

4. Conclusions 

In summary, Nd:YAG laser welding characteristics 

of SS 316L and Al 3003 for Li-ion battery casing 

application were investigated. Weld parameters were 

optimized for butt welding of 0.5mm thick SS 316L 

and 2mm thick Al 3003 plates. SS 316L weld zone 

and HAZ showed higher hardness than the base 

material due to fine-grained microstructure. The joint 

efficiency for SS 316L welds was found to be about 

95%. Al 3003 welds showed a softening behavior in 

the HAZ due to relaxation of strain hardening and 

increased hardness in the fusion zone due to small 

grain size. The joint efficiency for Al 3003 welds was 

nearly 100% which has resulted in an efficient 

welding. Hermetic sealing of battery casings was 

confirmed using He-leak detection tests and X-ray 3D 

computed tomography.  
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