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ABSTRACT

The m icro st ruct ure and me cha nical proper t ies of diss im ila r jo in ts of AISI 316 L aus te nitic stainless ste el
and API X70 high-s tr eng th low-alloy ste el were investig ated. For t his purpose, gas t ungst en arc wel ding
( GTAW ) was used in t hree different heat inp uts , inel uding O. 73 , 0. 81 , and 0.97 kJ / m m. T he micro­
s t ruct ur al investig ations of different zones incl uding base me tals, weld me ta l, hea t-affected zon es and in­

t crf aces wer e perform cd by op t ical m icros copy and scanning electr on microsc opy. The me cha nical proper ­
ties were measured by mi crohardness , t ensile and impac t t ests. It w as fo u nd t hat wi t h incre asing he a t in ­

pu t, t he de nd rite sizc and inter-dendri ti c spac ing in t he weld me ta l increased. Also , t he am ount of del ta
ferri te in t he weld me tal was reduced. T herefo re , t ensile strengt h and har dn ess were redu ced an d impact
t est ene rgy was increased. The investigation of t he int erface bet ween AISI 316 L bas e me ta l and ER 31 6L
filler me tal showed t hat inc reasing t he heat inp ut increase s t he size of aust enit e gr ains in t he fusion bo und ­
ary. A t ransit ion region was for m cd at t he interface betw een API X70 ste el and filler me tals,

1. Introduction

S tainl ess steels are among the most extensive ly
used special a lloys t ha t have been developed agains t
corrosion. Austenit ic stain less steels are the bigges t
group of stain less steels , and grades of A IS I 316
and A IS I 30 4 steel are the most commonly used aus ­
tenitic stain less steels. These steels a re generally
considered to be very we ldable. On the ot her hand ,
problem s such as ho t cracking and sensit izat ion phe­
nomen a occur in these s teels' w eld m etal and hea t­
a ffec ted zone. In order to solve these pro blems , a
very low carbon g rade like 316 L and 30 4L has com­
m only been used [1,2 ].

H ig h-strength low- all oy (I-ISLA) steels are used
extensive ly in oil and gas pipe lines. Ac hieving hi gh
transm ission eff iciency becom es possibl e b y con­
s t r ucting transmission pipelines us in g high-s t ren gth
s teels , w hich allow fo r high op erati ng pressures and
high ra tes of t ransmission. Owin g to the econom ic
benef it s as we ll as the full advantage of the outstand­
ing per for mance of two metals , suc h as strength and
corrosion resistanc e , dissi mi lar welding is used ex­
ten sively in the oi l and gas ind us t r iesV ' ".

So me researc hers have focused on the proper ties
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of dissimila r we lding, and a signi fica nt am oun t of
research wo rk has been ca rried out on the we lding
behavior and mechanica l propert ies of dissimi la r
welding joi n ts [5-7]. Generally , the joi ni ng of dissim i­
lar steels is m ore challe nging than that of simi la r
steels on account of several facto rs , suc h as the
differences in chemica l composit ions and thermal
expansion coefficients , which lead to diff erent resid ­
ua l stress situations across the di fferent regions of
we ldments as we ll as the m igration of carbo n ele ­
m ents fr om the s teel w ith hi gher carbo n conten t to
the steel with re latively lower carbon content[8-12].

Gas tungsten arc we ld in g ( GT A W ) is wide ly em ­
pl oyed in join ing processes, especially in t hose dea l­
ing wit h structural and piping applica tions.

Lin an d H sieh [13] st udied the effect of Si content
fo r 309 L fill er m etal on the dissimila r welding of
A IS I 101 7 and A IS I 304L s teels. T he result showed
that Si can inc rease the fo r mation of ~-ferri te and
the sigma phase in the we ld metal.

A rivazhagan et al. [ I n investigated the effect of
heat in put on the m icrost ructure and m ech anical
properti es of dissimilar welding of 304 aus teni tic
stain less st eel and 4140 low alloy s teel. It was found
that as heat in p ut increases , the mi cro- seg rega tion
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of allo ying ele ments increases, and also creates a
chromium depl et ion zone in the grain boundaries ;
therefore , the m ech anical properti es of the joints
are determi nate.

Sa deg h ian et al. [ 15J s tudied t he effe ct of heat inp ut
on the m icrost ruct ure and m ech anical properties of a
dissi mi lar welding joint of super-duplex stain less
s teel and high-st rength low-alloy steel by gas tung­
s ten arc welding. R esults indica ted that an increase
in heat input leads to a decrease in ferrite perc ent ­
age. Besides , there we re no harmfu l secondary pha­
ses, nei ther carb ides nor n itrides. I t also in dic ated
the bainite and fe r ri te phases form ed in the heat-a f­
fec ted zone of H SLA base m et al in low heat input .
H ow ever , in high heat input , pea rli te and ferrit e
phases for m ed.

Ram k umar et a l. [ 16J inv es tiga ted the microstruc ­

ture and mechanical prope rties of dissim ilar UNS
32750/AIS I 316 L we lded jo int. T hey reported that
m icrost r ucture s tudies rev ea led t he pres ence of fer­
ri te at t he heat-aff ected zone of A IS I316 L and t he
fusion zone obvia ted the hot cracking tendency. A l­
so , tensi le s t udies showe d that t he st re ng t h of joint
was sufficiently greater than t ha t of parent m etal s
and t he impact to ug hness was s lightly poor, due to
the presenc e of large platelets of Widmanst at ten ferri te

in the fusion zone.
The pres ent wo rk evalua te s t he effe ct of hea t in ­

put on t he m icrost ruct ural developm ent and the m e­
chanical properti es of dissi mi lar A IS I 316L/A P I
X70 steel joints pr epared by GTAW .

2. Experimental Procedure

A IS I 316L austeni tic stainless s teel and API X70
high-s t rength low-alloy s teel w ere w elded toget her
in dim ensions of 100 mm X 70 mm XI 0 m m (Fig. I)
b y GT A W. A 70-degree single V groove edge with
a root face gap of 2 mm was employed bef ore weld­
in g. A lso , an E R316 L welding rod was used and
the welding was carried o u t in fiv e passes to join
A IS I 316L to A P I X70 H SLA st ee l. T he chemical
co mposi tions of base m etal s and filler me ta l are
shown in Table 1, and welding parameters are shown
in Tab le 2.

v~* ?1r ---+ 70 +-- I I_ 2 .- Unit : mm

Fig. 1. Design of weldm ent.

Table I
Chemi cal compos it ions of base meta ls and filler metals (wt. %)

Component C S' Mn P S Ni Cr Cu Mo T i Nb Al. 1

AP I X70 0.09 0.15 0.90 0.01 ~O . 020 0.1 0. 25 0.08 0.010 0.050 0.0300
AISI 316L 0.06 0.17 1. 38 0.0 1 ~O. 005 13. 0 17. 00 O. 058 2. 00 0.00 2 0.009 O. 0036

ER 316L 0.03 O. 90 1. 73 0.03 ~O . 030 1l . 5 19. 30 O. 700 2. 50

F erri te number m eas urement was also carried out
by using F erri tescope F MP30 produced in R ussia.
T he results of t he F erri tescope a re listed in Table 3.

In order to evaluate the mec hanical properties, tensi le
test according to ASTM E8 st andar d, im pact test ac­
cording to ASTM E23 standard and mi crohardness test

He at inpu t / (kJ • mm- 1 ) Ferri te/ % Austen ite/ %

5. 2 91.8

3.3 96.7

2. 1 97. 9

accordi ng to ASTM E38 4 were performed. Af ter the
tens ile test and impact test, all the fr act ure su rf aces of
t he specimens were examined by using a fie ld emis­
sion scanning electron mi croscope ( F E SE M ) . A mi­
cro hardness test with force loading of O. 98 N for 10 s
was conduc ted across the base meta ls, heat-affect ed
zones and we ld metals. The notch impact test speci­
mens with dim ensions of 55 mm X 10 mm X 10 mm
and 2 m m no tc hes with an angle of 45

0

w ere pre­
pa red, and the tests were conducted a t roo m temper­
a t ure and - 5 DC. The weld m etal was plac ed at t he
centers of the specimens. T he Charpy impact test
was performed on the specimen at room temperature.

Metallographic observation was carried out to
study the m icrostructures of base metals, weld metal,
hea t-affected zones and m icrostructural changes. T he
speci m ens of A P I X70 steel w ere etche d in ni ta l (2
vo l. % ni tra te acid in alcohol ) for 20 s ; speci m ens of
AIS I 316L austenit ic stainless steel were electro­
etched in 60 vo l. % nitric acid at 5 V for 60 sand
speci m ens of aus tenitic stainless steel weld m etal
w ere et che d by Marbl e' s reagent (1 0 g CuSO! +50 mL

O. 73

O. 81

O. 97

Heat inpu t /
( kJ • mm - 1 )

1. 69

1. 78

1. 85

Speed/
( mrn > s - l )

O. 73

0.81

0.97

160 13

180 11

200 15

Current / Voltag e/
A V

Table 3
Result of Fcrritcscop c

Table 2

Welding paramet ers
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HCl+ 50 mL H 2 0 ) fo r 20 s.

3. Results and Discussion

3. 1 . Base m eta l m icrostruct ure

T he m icrost r uct ures of A IS I 316L a us t eni tic s tai n ­
less ste el and A P I X70 H SLA s teel are r espect ivel y
dis pl ayed in F igs. 2(a) and 2(b ) . A ustenite grains

a re seen in the mi crostructure of base meta l while
the m icrost ruct ure of API X70 H SLA steel rev eals a
m ixture of ferri te and pea rli t e.

3. 2 . W el d meta l m icrost ru cture

The microst ru cture of ER316L filler metal is shown
in Fig. 3. As ca n be seen , the m icro st ructure of
ER316 L weld m et al consis ts of skeleta l ferrite in aus-

Fig. 2. Microst ruct ure of AI SI 316 L austenit ic stainless st eel bas e metal (a) and microstruct ur e of AP I X70 high strength low
alloy st eel base metal (b) .

Fig. 3. Microst ru ct ur e of ER316L austenitic weld meta l.

ternn c matrix. The solidification mode was ferr ite-au s­
teni te in this weld. In this mode, ferr ite is the primar y
solidified phase (proeutec tic phase ) and aus teni t e is
for m ed a t low er temperature by a eute ct ic r eaction.

H eat input has a dir ect in fl uence on t he coo ling
ra te. T he coo ling ra te decr eases wi t h increasing heat
inp ut and the aus teni te- ferri te transformat ion wi ll
fu r ther develop under t he ferrit e dissolution lin e in
F e-C diagram[9,IO] . Fig. 4(a -c) shows t he effe ct of

heat inp ut on the m icrost r uct ure of ER31 6L w eld
m etal. According to the F erri t escope res ults (listed
in T able 3 ) , it is found tha t with inc rease in heat in ­
put , the amoun t of ~-ferri te has been r ed uc ed in w eld

( a) 0, 73 kJ/ mm; (b) 0, 81 kJ/ mm; ( e) 0, 97 kJ/ mm.
Fig. 4. Microst ructures of EI~31 6 L weld met al wi th different heat inputs.

m etal. In other words, when hea t in pu t in creases ,
the dendr it e siz e and in ter-dendri tic spacing in the
weld m etal a lso inc r ease.

3. 3. Inter f acial m icrost ru ctures

3.3. 1 . Interf ace of A ISI 316L base m etal and ER316L
weld m etal

T he interface of ER316L wel d metal and AISI 316L

base m etal s is shown in F ig. 5. As thes e images
show , the in terface between weld m et al and 316L
base m etal is co mpletely joi ned , and no transit ion
region, unmixed zone and crack a re seen. E pit axial
growth in interface of A IS I 316L base m etal and
ER31 6L fill er m etal is o bviously seen.

The effe ct of heat inp ut on the in terface bet w een
weld m et al and AISI 316L base metal has been shown
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Epitaxial growth

Fig. 5. Int erface between AISI 316L base met al and ER316L
weld met al.

in Fig. 6. Optical microscopy observation indi cated th at
the aus te n it ic gra in adja cen t to fusion line coarsens
w ith increasing heat in p ut , and thus increasing heat
input causes an increase in the heat-affected zone.

3.3. 2. Int erf ace of API X70 base m etal and ER316L
weld m etal

The interfac e of ER316L weld m etal and API X70
bas e m et al is shown in Fi g. 7. The o bvious phenom­
enon se en in this figure is the exis tence of a delicate
transition region in the fusion boundary be tween
weld metal and base m etal. The transi tion region can
be the resul t of differen ces in the crys ta l s t ruct ures
of weld metal and base metal, density gradient in fusion

Fig. 6.
(a) 0. 73 kJ/ mm ; ( b) 0. 81 kJ / mm ; (e) 0. 97 kJ / mm.

Int erface bet ween AISI 316L base metal and ER 316L weld metal with diff er ent heat inputs.

Fig. 7. Interface bet ween API X70 base met al and ER 316L
weld met al.

bound ary, and growth kine ti cs in welding. This is
the s tructural ch ange of Type II boundary, whi ch
was com posed a long the fusion boundarl 17,18].

The effect of hea t inpu t on interfac e be tween
ER316L weld metal and API X70 bas e metal is
shown in Fig. S(a-c ) . I t is ob served that as the he a t
inpu t in creas es, the wid th of the transi tion region
also in creases to a limi ted exten t . By increasing he a t
input Type II, the migration of the borders increas es
toward weld metal.

3. 4 . M echan ical pro perties

3. 4. 1. T ensile test
The tensile r esults are list ed in Table 4. The tensile

Fig. 8.
(a) 0. 73 kJ/ mm ; ( b) 0. 81 kJ / mm ; (e) 0. 97 kJ / mm.

Int erface bet ween AISI 316L base metal and ER 316L weld metal with diff er ent heat inputs.

res ult s show that the m a ximum tensile s t re ngt h of
54 4 M Pa is re la te d to the spe cimen w elded using low
heat input , and minimum tensile str ength of 536 MPa is
rel a ted to the specimen welded using high he a t in­
put. Becau se of the in cr ease in he a t input and the re-

s uIts of the F erritescope (Table 3), it is ob served
that by reducing weld m etal fer rite con te nt , the
strength a t room te m pe rat ure is increased[19,20].

The fractured surfaces of the tens ile specimen were
analyzed using SEM and the fr ac ture loca tions belong
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T able 4

Res ul ts of tensile test

Heat inp ut/ E long ation/ Ul timate Y ield
(kJ . mm " " ) % st ress/MPa st ress/ MP a

O. 73 45. 1 544 359

0. 84 47. 2 541 354
0. 97 49.6 536 349

to w cldmcnt. F ig. 9 shows the S E M fractographs of
the joints a ft e r tens ile t est. Dimpl es w ere o bserved
in all the frac t u red s urfaces, ind ica ti ng that the frac-

tured mechan is m is d uctil e!' !", F rom Fi g. 9 (a-c) , it

is o bserved that as the heat inp u t increases, coa r se
an d elongated d imples a re o bser ve d.

3. 4. 2 . N otcli i rn p act test

The eff ect of the heat inp u t on impact en erg y is
sho w n in F ig. 10. The notch loca t ion in speci m ens
w as des igned in the w eldrnent . It is o bserve d that as
heat input inc reases , the impact energy of the speci­
m en also increases. Because o f the results of the F er ­
ritesco pe w h ich are li s t ed in T abl e 3 , it is fo und that

Fig. 9.
( a) 0. 73 kJ / m m ; ( b) 0. 84 kl / m m ; (e) 0.97 kl / m m.

SEM Iractographs of join ts te ns ile tested with differen t heat inp uts .

Results of notch impact test .
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b y increasing weld m e tal a us t en it e co ntent , impa ct
energy in crea sed, since t he p resence of a usten ite
tends to in crea se toug hness[21.22].

The fract ured s u rfaces of the impact specimen
were analyzed using S E M . F ig. 11 shows t he SEM
fr a ctographs of the join t r egi on s. Dimples were ob ­

served in all the fractured surfaces , wh ich ind ica te that
the fract ur ed m echanism is ductil e. F ro m F ig. 11 (a ­
c ), it is cl a rified t hat as h ea t input in crea ses , coarse
an d elongated d imples a re o bser ve d.

3. 4. 3 . M icroh ardness profil e
The effects of h ea t in put on m icroha rdnes s of

w eldments are show n b y Fi g . 12. It is observed that
as heat in put increases, the hardness of the weld metal
decreases. Fro m the r esults of the F errit es co pe li sted

Fig. 11 . SEM Iractographs of join ts im pact tested wit h low heat inp ut (a) , normal heat inp ut ( b) and high heat input (c) .
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dness dec rease , and im pact energy inc reases .
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in T able 3 , it is observe d that a r ed uc tion in the
w eld m et al ferrite con te n t leads to a decr ease in
hardness. Also, in cr eas ed heat input caus es an m ­
cr eas e in t he width of bot h th e base meta l HAZ.

4. Conclusions

(l ) The in te rf ace betw een w eld m et al and 3 16 L
base m eta l is com ple tely jo ined. E pit axial growth in
interface o f A IS I 316L base m et al and ER31 6L base
m etal was obse rve d.

( 2) T he T ype II boun dary and transit ion reg io n
in the fusi on boundary bet w een w eld m et a l and X70
s teel base m eta l w ere observ ed .

( 3) Wi th incr easi ng hea t input , t he amount of 0­
ferrite has been reduced in weld m et al. Also, the
dendr it e s ize and in te r-d endri t ic spacing in the w eld
m etal in cr eas e.

( 4) Wi th in cr eases in the hea t input , the a moun t
of fer r ite in the weld m etal is red uced. Therefore,
w it h increas ing hea t inp ut , t en sil e s t rength an d har-
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