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ABSTRACT

Dissimilar lap joints of AA1050 aluminum alloy sheet and 304 stainless steel (SS) sheet were produced using pulsed laser welding.
The effect of welding parameters on the microstructure of the interface and mechanical properties was investigated. The
experimental results revealed that maximum shear strength 45MPa obtained when applied 8.3] as a pulse energy with 7.5 ms as
pulse width and 8Hz as a frequency. All joints failed at the interface between the two metals and defects were present in the joint.
Two phases as intermetallic compounds were identified at the aluminumand 304 SS joint, two of them, namely Al Fe and AlizFes,
were observed at bothaluminumandstainless steel fracture surfaces. Tensileresidual stresses showed a maximum value at the
interface with narrow affectedfor aluminum to stainless steel joints.

KEYWORDS:pissimilar joint, Laser welding, Intermetallic compounds, Residual stresses, Aluminum-to-304 stainless steel
joint

INTRODUCTION

Laser welding has two approaches mechanism,keydmpeoach and conduction approach depending on
the processing environments. Keyhole approach teneiely used in industrial due to the high peat&in
depth, high rate of production and narrow heatcééfe zone formed. The disadvantage of keyhole wgldan
be unstable of laser beam andmore spattering amsksaorosity due to gasesdissolution in weld metagh
temperature and other defects. In contrast,the waiimh regime, is more stable, less fluctuating,rano
controlling for heat distribution supplied to workpe. Due to low density of power source in coniunct
regime compare with keyhole regime, the problemsefeaporating some alloying elements that have low
melting temperature are reduced. Reaching to eatipartemperature produce several problems sudtighs
levels of porosity and blowholes. The disadvantaigeonduction mode are low penetration depth asd keat
of laser beam absorbed. Cost ofconduction lasedimgelis lower than keyhole laser welding, becatsines
not require high qualitypower beam [1-3].Pulsecttaselding is usually used for welds of smallconguats
such as microwave fields, computer accessoriesnugritations devices,and batteries, aerospace, aiedic
applications.

Difference in physical and chemicalproperties ob tmaterials to be welded, such as thermalexpansion
coefficient, and melting temperature, leads to mamoplems occurs. The major goal of any joiningoess is to
achieve a readable joint. Most of processes fomadum to steel joining require raising both matsrieo a
temperature considerably higher than room temperaflhis is true for laser process and other psEes
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Mismatch in properties of materials to be weldedhsas thermal expansion and formation brittle commgls
during welding process lead to very large streasdise interface and in over cases can causeitfitety crack
during cool down from the welding temperature[ 1Mgjst of the beam in keyhole laser welding is abedr
and deep penetration can produce, but in condudtiencoupling efficiency of laser beam islow due to
smallerabsorbed heat f laser beam to the matesiakSesearchersfound that the absorption of tles Emam in
conduction mode is nearbyl5 % when laser weldiamigtss steel while in keyhole regime it reache85®&6
[6]. Laser welding is applied in both similar anggimilar materials. Several researchers have begorted
the joining of similar materials likealuminum [7]8@d stainless steel [11-13].Joining of dissimitaaterials by
conduction laser welding is in [13-15] are reportéduminum to stainless steel weld is one of thesmo
combination of materials used as a structural raserDue to theproblemsfor joining aluminum toester
aluminum to stainless steel,numerousstudies usisgstance spot welding [16,17],fusion welding [B8,1
brazing [20] and solid state welding have been m@dg22,23]. Laserwelding is one of the new joining
technologies for joining aluminum to stainless kteéémited success investigates using keyhole wejdin
order to join aluminum to steel were made [24-ZB)nversely, investigates using conduction laseiding|
have indicatedmagnificentresults [27,28]. The bién&ff using conduction laser welding in this purpos
associatedto the stability of the process thaialla good control of the temperature distributiothie interface
area between the aluminum and the steel f28].&tal showed that the long cooling time is a magmtdr to
increase the thickness of intermetallic compoureta/éen aluminum and steel [29].

This paper investigates the joint properties andathegicalcharacteristics of dissimilar laser weld
between AA1050aluminum alloy and 304 stainless |dtee study focused on interface microstructure
characterization bymeans of optical microscopy, SEWS, X-ray diffraction analysis and measured the
residual stresses across the weld line on the ghy@at (stainless steel).

2. Experimental procedure;

Aluminum AA1050 (Al) and 304 Stainless steel (SSpvavelded by pulsed Nd-YAG laser system
(Lumonics JK702) with a maximum average power 408kd 1.064um focal length as shown in Figure 1.
Aluminum sheet (80x30x0.5) mm and stainless sthekts (80x30x1)mm were used in this present study.
Overlap designed for shear test dissimilar joisee(Figure2). Aluminum sample of AA 1050-half hérd, 0.4
wt. %; Mg, 0.1wt. %;Si, 0.1wt. %;Mn, 0.1wt.% Al, laace) and 304 stainless steel (C 0.08 wt. % ;
Cr18wt.%;Ni, 8wt.%; Mn, 1.5wt.%; Fe, balance) werged for the welding trialsAs illustrated in Tables
shows the full set of welding parameters considénethis works for Al/stainless steel after triaidaerror
processes to choose the stable parameters. Priasdp welding, the specimens grinding with siliczarbide
emery papers 1000 grade then cleaned with aceSpeeial fixture was made to support the sheetb@srsin
Figure 1.Argon shielding gas (5L/min) was used miyrivelding process to protect the weld zone from
atmosphere. After laser welding, the samples angkross-section, grinding and polishing for metgical
examinations.

Fig. 1:Aluminum to 304stainless steel overlap joints
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Optical microscopy and backscattered scanningrelechicroscopy (SEM) with EDS and X-ray diffraction
techniques were used to analyze the weld jointsicBlpmicroscopy was applied to analysis theweldpshand
the interface morphology, while the other technijuwere used to generally analysis the diffusiomelats
across the interfaces between aluminum and staistegl sides and to identify the intermetallic poomds at
the weld interface. For optical microscopy, Al-3@pints were etched joints in Keller's Reagentn(l HF,
1.5 mL HCI, 2.5 mL HN@and 95 mL HO) for (15-20 sec) and washed in water, then isastr of warm air.

Laser device EJ

&

Argon Applied
 Fixtures

Fig. 2:Laser welding devise with fixtures samples

Residual stresses are measured using a Proto Mamirfig iXRD-portable laboratory X-ray diffraction
machine Fig. 3. The sample is placed on a motorigatform that can move in X, Y, Z and (rotary)
directions. The X-ray beam is aligned to the swfatthe sample with a visible pointing beam. Meaments
were taken in the transverse direction to the wetlup to 10mm away from each side of the weld.lin

¥ - i /:
F Ny

Fig. 3: Residual stresses measurements
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The full set of welding parameters considered ia torks for Al-304SS illustrated in Table 1.Thalde

welding process achieved after trial and errotimose these parameters.

Table1: Laser parameter set up for Al-304 SS welding

Test No. Pulse Energy Pulse Width Frequency Linear Speed mm/min
J ms Hz
1 7 7.5 8 200
2 8.3 75 8 200
3 9 7.5 8 200
4 10 7.5 8 200
5 11 7.5 8 200
6 12 7.5 8 200
RESULTSAND DISCUSSION
1-Shear Test:

For Al-304SS joints, ultimate shear stress was doainlow pulse energy and it reached a maximumevalu
of45MPa at pulse energy of 8.3 Jwith 200 mm/mirhl&& shows the average value over 4 samples fr ea
test. All samples fractured after shear test atitiberface between aluminum and 304SS of the joifités
means that the weld strength islower than the bastal. Some voids or other defects were observeteat
interface. Fractures occurredat the interface neayaused by the defects and formation the brittierinetallic
compounds.

Table 2: Shear test results

Test No. Shear Stress MPa
44

45.35

35

30.4

35.5

35

OO |W|IN|F

2- Residual stresses:

Figure4 shows the maximum residual stress of 80 bRtained from aluminium-304SS joint. This stress
was tensile in nature and occurred close to thel Vireé. This stress expanded about 1.5mm from télel Vine
toward aluminum and 304 SS. It is important to izeathat this small value of tensile residual stremall
exceeds in aluminum side and the distance of appéiesile stresses is shorter beyond the weld Tihe.low
pulse duration time (7.5ms) and short time for Itatgcling welding is the main reason for narrowitigs
distance. Compressive stress observed at 1.5 mm fagva the weld line in both materials and extentethe
end of the limited distance (10mm) for testing.

20 —

70 —

Renidual Stress(MPa)

=50 —]

weld line

-60

T T T
-0 o X 7 4H£ 5 4 3 2 -1 0 1 2 I 4 5

Distance from the weld Ime(mm)
Fig. 4: Transverse residual stresses measurements for4d3ibint
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Actual experiments reveal that the fracture patthisugh the interface between aluminum and stssnle
steel due to the poor bonding between aluminum3@4dSS. Lower values of shear stresses near theliwvel
may confirm that there is another reason for thakness of bonding between aluminum and 304 SS.&@m
of brittle compounds at the interface preventediiable joint and reduced the strength of the fats.

3- Characterigtics of Al-304SSjoints:

Figure 5 shows the microstructure of the weld zohal-304 SS. Weld nugget observed as irregulapsha
and incomplete penetration in aluminum sheet thésknlower sheet). Low penetration due to condndiiat
and low absorption of heat while more reflectioatithe surface of 304 SS.

Fig. 5:Microstructure of Al-304 SSjoints by(a)optical mascopy(b)SEM

Undercut defective observed at the top of solidifieeld pool due to the slow cooling gravity hasreee a
vertical pull causing this defect. Some voids aratks initiated from the edges and propagate ameave to
the center of the nugget zone.

The x-ray diffraction (XRD) analysis of the weld gget detected ank@l,, andFeAlintermetallic
compounds at the surfaces fractures by shearrtdsith aluminum and 304SS sides as shown in Figue
and Figure 6 (b) respectively. These intermetaitimpounds play a main role for decreasing the gtheand
the toughness of the formed structure at interfaateveen aluminum and 304SS.These lead to form hiesta
interface between aluminum and stainless steehidgtt temperature of laser welding, compounds prentio¢
brittleness of when the thickness of the compouagsr increased at the grains boundaries. Crakesrgtd
due to brittle intermetallic compounds formation.

: Telagasiad] D
a Al

A

Intensity,cps

Intensity,cps
1

Fig. 6: XRD Patterns of fracture surfaces of Al-304SS Jdax Al side and (b) 304SS sidaAl, oFe,mAl Fe,
A Al 3 Fe respectively
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Energy dispersive spectroscopy EDS with scanniegteln microscopy SEM used to analysis the
structure and measure the weight composition ofjatigone at the different positions. Figure7 shew
gradients of diffusion elements (Al, Fe, C, Cr) fime marked of line-scan. It was found a sharp
concentration gradient of aluminum element at thé ef nugget zone. Carbon and chromium elements
shows fast diffusion from stainless steel towaldsnénum base metal while iron element remain atgetig
zone. Nickel spectrum not detected in the line-s€arbon has high affinity to react with chromiumda

formation brittle chromium carbides during weldimgocess. Presence of these carbides reduce the
toughness of the joint.

Stainless Steel

i

T ! E=ctron Image 1 u-b by B mbdad g o il ot ARl
o 10 200 i) a0 00 L0 T E= i)
Trmm Kaul wlumimuns kil JAarbom hal-3 =

Fig. 7: Line-Scan by EDS with SEM analysis the elementssscthe nugget zone

In the Figure 8, EDS analysis the weight compositibthe spot spectrum in the middle nugget zohés T
composition contain 18%wtCr, 8%Ni, 60%Fe and 17%g@proximately.

Quantitative results

80

60

40

Weight%

Stainless Steel

T . Electron (mage 1 Al Cr Fe Nl

Fig. 8: Composition weight of marked Al, Cr, Fe, Ni elertseim spot of center of nugget zone

Figure 9 shows the quantitative results of the Wweapmpositions of elements(Al, Cr, Fe, and Ninedats
across the interface at the right hand. Al wt. %teant in the marked spot spectrum is less thahercenter of

the nugget. Reduced in Al wt. % at the interface ttufar away from the Al base metal. It observenigases in
Fe composition wt. % due to close the 304SS basalme
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Quantitative results

80

[e2]
o

Weight%
5

Stainless Steel
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o
T

Election mage 1

Al Cr Fe Ni

Fig. 9: Composition weight of marked Al, Cr, Fe, Ni elertseim spot atright hand of nugget zone

Figure 10 shows the composition of the spot atcrger of the interface. It observed decreasesouat
of Al at this position and small amount of Mn appea

Quantitative results

80

Sum Spectrum|

Weight%

Fig. 10: Composition weight of marked Al, Cr, Fe, Ni elertgeim spot at center of nugget zone

Figure (11) shows a composition at the left spdie Tomposition approximate is the same spot scanein
left hand.

Quantitative results

80

60

Sum Spectium

Weight%
5
I

20

Al Cr Fe Ni

Fig. 11: Composition weight of marked Al, Cr, Fe, Ni elengeint spot at left hand of nugget zone



45 AhmedO. Al- Roubaiy., 2016/Advances in Natural and Applied Sciences. 10(12) August 2016, Pages: 38-48

It is seen from the figures above the concentratioinon element is higher than other elementhdach
area of the nugget zone and the interface. Thismm#wt iron element remain as steady state ofertration
during spot welding and the figurel2 confirm thesult at area-scan at nugget zone. Also the caglemnent is
not detected at figures above except by line-scanta very small amount in 304SS.

Quantitative results

80

(o]
o
I

Weight%
8

Stainless Steel

ny
o
I

Al Cr Fe Ni

Fig. 12: Analysis of area-scan at nugget zone

Figure 13 shows the fracture surface by SEM of @4SS joint after shear tensile test at aluminura.séd
cone and arrow of dimples shows at the fractur@eha observed at the pulse weld. The fractureasarfs
ductile behavior and some voids observed. Morerimténg diffusion for elements; Al, Cr, Fe occuEDS
analysis of the scanned weld area showed 78 wtf %l and 17%wt. of Fe and 5wt%Cr (Figurel4). The
presence of Cr and Fe promote the formation ofldrdiompounds by chemical reaction with aluminund an
carbon.

‘Pimples

/
../

81212013 m ) ‘ H o| HFW [————— 100 ym ——
406 x 110.5 mm|20.00 kv|2:21:34 PM|630 ym Quanta 200 511106 0.00 k 41 PM| 241 ym Quanta 200

Fig. 13:Fracture surface of Al nugget zone by SEM(a)Low nifigation(b)High magnification
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Quantitative results

80

60

Spectrum 1

Weight%
&

20

S

Electran image 1

Fig. 14: Analysis of composition of Al nugget zone by EDS

Figurel5 shows the fracture surface after sheailéetest on the 304SS side by SEM. It observetiaha
cup shaped formed in each pulse center with crackk voids at the circumference of shape pulse. This
indicated that more brittle intermetallic compouridemed closed to the 304SS side and a degradafitime
bond between aluminum and 304SS.It not observeldsrgrow while a cleavages fractures occurs.

M [1.13 mm

' %
1.71 mm

Fig. 15: Fracture surface of 304SS nugget zone by SEM(aynagnification (b)High magnification

EDS analysis by area-scan of the fracture surfAa@94SS indicated 32wt%Al, 50wt%Fe, 11wt. %Cr and
5wt. %Ni.It was found an increase in wt. % of Cnnmt due to implantation of some Cr from grain rbary.
Also showed more Al content in the fracture surfaée804SS and this result confirms a chemical feact
between aluminum and iron to formation brittle intetallic compounds (Figurel6).
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Quantitative results
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Fig. 16: Analysis of composition of 304SS nugget zone bySED

Conclusions:

In this paper dissimilar joints of aluminum and 3dinless steel welded by pulse laser is investityad
maximum shear strength of 45MPa obtained for AlSB4oint under 5L/min flow of Ar gas. The weld
parameters in this case are: pulse energy 8.33e¢ puidth 7.5ms, frequency and linear speed8Hz &td 2
mm/min respectively. All fracture occurred at tigeirface between Al and 304SSunder tensile shearThe
intermetallic compounds Al Fe and AlFe, for Al-304SS joint, formed at the surface of theand 304SS
sheets. Also, the nugget zone of this joint revileat intermixing of Al and 304SS stainless stdeinents are
uniformed.

Cracks and voids observed at the interface betwidesnd 304SS and they are higher observed at the
fracture surface of 304SS.Maximum tensile residtr@sses observed at the interface of the jointitaindaffect
at a narrow distance of the joint.
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