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INTRODUCTION

Hot cracl<ing is an important problem
encountered during the welding of
austenitic stainless steels . It is
known that hot cracking occurs by
the formation of low melting eutectic
phases in the solidifying weld metal
and in the heat-affected zone(HAZ),
under the actin of shrinkage stresses
and restraint imposed on the joint
(ref. 1-3). In the HAZ, cracking oc-
curs by liquation of grain boundaries
in the partially melted zone adjacent
to the fusion line and in previously
deposited seld metal in a multipass
weld (ref.4) . It has been found that
cracking can be greatly reduced by
selecting compositions that solidify in
the ferritic mode (ref.5), or by reduc-
ing the condentration of impurity el-
ements such as P, S, etc., to very
low levels (ref.6,7). However, in the
case of some matreials such as fully
austenitic stainless steels and nitro-

gen-bearing stainless steels, a pri-

mary feritic solidification mode may
not occur. In such cases, the levels
of impurity and minor elements may
critically determine the cracking
behaviour.

In this work, the weld metal and HAZ
cracking behaviour of one nitrogen-

bearing AISI 316LN and a fully
austenitic Ti-stabilized 15 Cr-15Ni-
2vlo stainless steel D9 (correspond-
ing to ASTM A-771/UNS S38660)
has been determined. The nitrogen-
beating stainless steel have gained
importance because of their superior
high-temperature properties and re-
sistance to sensitisation over
conventonal A1SI3161. The fully
austenitic D9 alloy has been devel-
oped (ref.8) for use in core compo-
nents offast breeder reactors in view
its resistance to irradiation damage.
These materials are candidates for
use in the Indian fast breeder reactor
program and it was essential to
assess accurately their hot cracking
susceptiblity. A conventional Type
316L composition was also tested for
comparison

The addition of nitrogen is known to
have a strong effect on weld micro-
structures (refs. 9-14). The delta-
ferrite content decreases and the
solidification mode changes from
primary ferritic to primary austenitic,
which necessitates a separate
sonsideration of weldability in each
colidification mode. In fully austenitic
18Cr-14Ni stainless steel, Kakhovski
(13) and Zhitnikov (14) report ben-
eficial effects of nitrogen addition up
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to 0.2% Similar results have been
reported by Ogawa (9) and Lundin
(12). [~atsuda et al (11) found that
in Type 304 weld metals, nitrogen
addition increased the brittleness
temperature range (BTR) to levels
obtained in fully austenitic 310 ma-
terial even when 1-3% delta-ferrite
was present in the microstructure.
They found enhanced phosphorus
segregation with increase in nitrogen
content. Nitrogen is also known to
promote cracking in the weld metal
HAZ (ref.15, 16), at locations where
transformation of the delta-ferrite in
the underlying weld bead takes
place. A review of the weld metal
cracking information therefore sug-
gests that the correlation between
composition and cracking would be
greatly improved by considering ni-
trogen content along with the levels
of impurities.

In fully austenitic materials such as
alloy D9, the tolerable impurity levels
for good weldability are generally
low. fVloreover, in Alloy D9, the pres-
ence of titanium increases the like-
lihood of fusion zone cracking as
well as liquation cracking in the HAZ.
TitaniLm is known to promote HAZ
cracking in A286 and in Alloy 800
(refs.17,18), and optimum levels of



titanium depend on the carbon con-
tent. Titanium in excess of a Ti/C
ratio of 5 is considered detrimental.
On tlie other hand, certain minimum
levels of elements such as Ti and P
are desirable for irradiation swelling
resistance. Hence, the composition
of such a material must be optimised
for good weldability. As information
on the weldability of Alloy D9 is
scarce, it was necessary to evaluate
its cracking behaviour.

Evaluation of hot cracking suscepti-
bility has traditionally employed sev-
eral test methods, of which the
Varestraint test in its several ver-
sions is widely used. The longitudi-
nal Varestraint test (ref.19) has been
extensively employed in the US,
while the Transvarestraint test is
preferred in Japan. The maximum
crack length data from the
Transvarestraint test has been used
to derive the brittleness temperature

range on BTR, which is a material-
specific parameter that enables com-
parison of materials weldability in a
generalised way. Unlike in this test,
the longitudinal test has largely been
used to obtain a total crack length
parameter that would vary with
welding process and heat flow con-
ditions. The suitability of these two
test methods and their correspond-
ing evaluation criteria have not so far
been discussed in the literature.

This study therefore had as its ob-
jectives the following :

+ Standardisation of the longitudinal
Varestraint and Transvarestraint
tests for measuring weldability in the
fusion zone and HAZ.

« To investigate the influence of ni-
trogen content with particular refer-
ence to the levels of impurity ele-
ments on the hot cracking behaviour
of type 316L weld metal.

+ To examine the relation between
composition and cracking in alloy
D9. As part of a programme to
evaluate weldability of reactor-grade
stainless steels, studies were carried
out on several heats of type 316L,
316LN and 304L stainless steels.
The effect of nitrogen on weldability
of 316L and 316LN was studied by
addition of nitrogen to the shielding
gas to obtain weld metal nitrogen
contents in the range 0.04-0.2%,
Three heats of D9 having Ti contents
of 4,6 and 8 times the carbon level
were tested. Type 321 and 347
steels were also tested for compari-
son.

EXPERIMENTAL WORK

The compositions of the austenitic
stainless steels used in this study
are given in Table 1. The specimens
were prepared from 3 mm thick
sheet and tested using longitudinal

Table 1 : Chemical Compositions of the Weld Metals Tested

Code FN* 0 Mn
316LN 0.7 0,03 1,45
316L 2.6= 0,029 18
D9-A 0 0,052 15
D9-B 0 0,051 15
D9-G 0 0.052 15
304L-A 0 0,016 151
304L-B 30= 0,023 121
304L-C 2.9' 0,023 1,67
321 4.4 0,051 1,88
347 2.0’ 0,06 1.88

(FA) the rest are fully austenitic (A)

Or Ni Si Mo
16.8 11.15 0.53 2.06
17 119 0.7 2.25
151  15.04 0.5 2.26
15.05 15,06 05 2.25
1511 1526 0,52 2,26
1812 1158 0,53 -
19.07 10.46 041
18.88 10,09 0.42
17.6 9,9 0.68
17.44 9.85 0.77
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and Transvarestraint tests. In the
N P 8 Other
0,073 0.031 0.001
0,036 0.035 0,012
0,011 0.011 0.002 0.21Ti
0.011 0.011 0,002 0.32Ti
0,011 0,012 0,002 0,42Ti
0,039 0.023 0,018
0,066 0.024 0.012
0.069 0031  0.019
0,009 0,038 0.012 0,33Ti
0.073 0.038 0,011 0,79Nb
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Fig. 1 ; Schematic diagram of Varestraint test equipment
a) test configuration, b) weld orientation in longitudinal test and C) weld orientation in Transvarestraint test

longitudinal Varestraint test, a speci-
men of dimensions 127 x 25 x 3mm
is welded along the length as shown
in Fig. la and b. Strain is applied
when the weld puddle reaches the
middle of the specimen by bending
rapidly over a ram of fixed radius. A
3-bead test technique was used to
evaluate cracking in the fusion zone
as well as HAZ (12). In this test,
the straining is carried out pneumati-
cally and is completed within 15 ms,
so that the weld puddle is essentially
‘frozen' at the instant of strain appli-
cation. The strain experienced by the
specimen is related to the radius of
the die block by the relation e =t/2R
where e is the strain in the outer
fiore, t the specimen thickness and
R is the radius of the die block. In
the Transvarestrain test (TVT) , the
weld bead is applied transverse to
the specimen length (Fig. 1c) . Run-
on and run-off tabs are used so that

the weld bead is long enough to
ensure thermal equilibrium at the
instant of straining. Welding was
carried out by GTAW process using
welding conditions as shown in Table
2. During longitudinal Varestraint
testing, the specimens generally
showed conformity with the die
blocks. However, during TVT, a
greater tendency to kink at the weld
bead was observed .

For evaluating the effect of nitrogen
on cracking, nitrogen was added to
the weld metal by mixing 0.25-5%
N2 through the shielding gas using
a mass-flow control system of
Bronkhorst make. Mixing was en-
sured by allowing the gases to pass
through a manifold with suitable
baffles.

The specimens were lightly pickled
in an aqueous solution of nitric and
hydrofluoric acids prior to crack
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length measurement at 60x using a
stereomicroscope. Ferrite was meas-
ured on the weld beads using a
Fischer Feritscope model fvIP3-C.
The ferrite contents and solidification
modes are given in Table 1. Optical
microscopy was carried out on the
cracked specimens for detailed char-
acterisation.

Table 2 : Welding Conditions
and Specimen Thicknesses Used

Welding Conditions

Current ;100 A
Voltage v
Welding Speed 4.2 mm/s
Electrode Dia ;2.4 mm
Tip Angle . 60°
Argon Flow 12 1/Omin



For deriving BTR from the maximum
crack length, the centre line cooling
curves of welds in all the materials
were measured by plunging a 0.2
mm thick W-5%Re / W-26% Re
thermocouple behind the arc using
specimens and welding conditions
identical to those in the actual tests.
As the thermocouples were allowed
to freeze into the weld metal, the
temperature profile was captured
using a HP data logger Model
34970A with a time resolution of 3
ms. A typical cooling curve for
316LN is shown in Fig.2. By calibrat-
ing the cooling curve in terms of
distance using the welding speed,
the temperature at the end of the
crack was determined. The intersec-
tion of the liquid and solid state
cooling curves was assumed to be
the crack initiation temperature and
the BTR values were calculated as
the difference between this tempera-
ture and that of the crack tip.

Metallography: After testing, crack
lengths were measured on the speci-
mens at 60X using a
stereomicroscope. The cracked re-
gions were cut and polished for
metallographic observation after
crack length measurements. The
polished surfaces were etched
eletrolytically using either 10% oxalic
acid or an aqueous solution of 55%
orthophosphoric ac'd and 12% sul-
phuric acid before microscopic ex-
amination.

RESULTS AND DISCUSSION
Evaluation of Cracking :

The results of longitudinal Varestraint
and Transvarestraint tests are given
in Figs. 3 to 6. Figs. 3(a) and (b)

ARC

~-INITIAL POSITION OF THERMOCOUPLE
MAX. LENGTH OF CRACKS

STEELS

;F-ALUMINIUM & ALUMINIUM  ALLOITS

_ ATg BRITTLENESS TEMPERATURE
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END OF WELD PUDDLE

0 DISTANCE FROM END OF WELD

PUDDLE

Fig. 2 : Measurement of solidification brittleness temperature range
using the weld cooling curve and a centreline crack in a
Varestraint test specimen

show typical optical micrographs of
cracking in type 347 specimens
tested at 4% strain using both tests.
In the LVT, the longest cracks were
predominantly found away from the
weld centre line (Fig. 3(a)), while
most of the cracking occurred
around the weld centre line in the
TVT (Fig. 3(b)). The variation of TCL,
with strain in the longitudinal test is
shown in Fig. 4, where it is observed
that the cracking increases with in-
creasing strain in all cases. How-
ever, the materials solidifying in the
austenitic mode (316LN, 304L-A,
347 and D9-A, B and C) show a
sharp increase in cracking even at
low strains, while the ferritic mode
materials 316L, 321, 304L-B and C
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show a threshold strain of 1-2%
before appreciable cracking is ob-
served. The MCL also increases with
increasing strain.

The maximum crack length in the
Transvarestraint test is shown as a
function of strain in Fig. 6, where it
is observed that the values are al-
most independent of strain for most
of the compositions. That is, the
MCL quickly reaches a value which
remains neatrly constant with in-
creasing strain, except for the pri-
mary ferritic alloys 304L-B and 0 .
This behaviour is unlike that in the
LVT, where MCL continuously in-
creases with strain. Here the Nb-
bearing type 347 weld metal shows
the highest cracking followed by the
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Fig. 3 : Typical appearance of cracking in a) Longitudinal Varestraint specimen and
b) Transvarestraint test specimen. Not the predominant centreline crack in Fig. 3b.

fully austenitic D9 heats, 316LN and

304L-A. The primary ferrltic materials u
316L, 304L-B and C exhibit the 10
lowest values, the 304L-B and C 9 .
showing a true cracking threshold of 8- PRIMARY
205, o . AUSTENITIC
B o 09-
The BTR values obtained using the o 5 A 'Dob: \
TVT data are shown in Fig.7, where o j 3i - ) PRIMARY
it is observed that all materials that 2 + 304 *FERRITIC
had high TCL have BTR exceeding 5 ) To0ie
40 C, while the primary ferrltic 0
materials show values less than 30 2 3
STRAIN (%)

C. Using the longitudinal Varestraint
test, a material is considered crack- Fig. 4 : Variation of total crack length with strain in the Longjtudinal Varestraint Test
sensitive if the TCL values exceed

2.5 mm at 4% strain (12). Accord-

ingly, the fully austenitic D9 and 12 mlmmml’ m»lmm

304L-A, 316LN and the stabilized
steels 347 and 321 are said to be
crack-sensitive while the 316L,304L-
B and C would be considered crack-
resistant. This behaviour is consist-
ent with the solidification modes and

10 377 |

08 - - ~ A D9-C
. 304L-A

321 S

WO CQ‘/\:_:_.-é N S o

04 y- O D9-A
levels of impurities present in the . - T
materials. It should also be noted PR 3048
that in the three D9 compositions, 00 Lo
. . 00 05 10 15 20 26 30 35 40 -15 50
TCL increases by 30% while BTR STRAIN ()
increases by about 10°C when the
Ti/C ratio is increased from 4 to 8. Fig. 5 : Variation of MCL with strain in the Longitudinal Varestraint Test
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A comparison of the MCL values
shows that in the LVT the values
keep increasing with strain and at
4% strain, they are much higher than
that obtained in the TVT. This is
because cracking is predominantly
produced away from the weld centre
line. The difference between centre
line cracks and those propagating at
an angle to this line must now be
considered. It is evidint from Fig.3(a)
and (b) that the shape of the liquid-
solid interface under consideration is
elliptical. According to Garland and
Davies (20), in an elliptically shaped
weld puddle, the solid grains expe-
rience a continual change in the
thermal gradient vector proceeding
along the weld pool edge from the
fusion boundary to the weld centre
line. To keep up with this change in
heat flow direction, grains 'bend' by
dendrite side branching. Therefore,
the grain boundaries are often
curved and oriented away from the
thermal axis at any instant. On the
other hand, grain boundaries occur
along the thermal vector at the weld
cente, either because of impinge-
ment of grains from the base metal
on either side. Since hot cracks
propagate along grain boundaries,
those located on the weld centre line
would necessarily be aligned with
the heat flow vector while those
oriented at an angle would in most
cases not be aligned with this vector
and will be longer than the perpen-
dicular distance between the ends of
the crack. Hence, the distance be-
tween the isotherms at the crack

tips, designated maximum crack dis-

tance or MCD was measured for all
the materials and is shown in Fig.
8. It is observed that the data show

06
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Fig. 6 : MCL in Transvarestraint Test as a function of strain

TEMPERATURE (°C)

Fig. 7 : Brittleness temperature range vs. strain for the composition tested

MCI,

MCD

MCL IN TRANSVARESTRAINT TEST (mm)

Fig. 8 : @) The concept of maximum crack distance (MCD) for derivation
of BTR from the Longitudinal Varestraint Test and b) correlation between
MCL in Transvarestraint Test and MCD
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Fig. 9 : The hot cracking susceptibility of the weld metals tested represented on a map of Creg/Nieq ratio vs P+S
levels. HS, S and NS denote highly susceptible, susceptible and non-susceptible regions. Note that the stabilized
stainless steels 321 and 347 do not follow the same trend as the unstabilized stainless steels.

Fig. 10 : Microstructures showing fusion zone cracking in
a) 316L and b) 316LN weld metal. Note cracking is confined to AF regions in 316L

Fig. 11 : Microstructures of fusion zone cracking in stabilised stainless steels
a) D9 showing cracks in A-mode microstructure and b) type 321 showing fine cracks in FA mode microstructure.
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Fig. 12 : Micrographs of base metal HAZ cracking in a) 316L and b) 316LN. Note the extensive gram boundary
melting observed in 316L and the associated wide partially melted zone in 316LN.
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Fig. 13 : Photomicrographs of base metal HAZ cracking in a) D9 and b) type 321 stainless steel.
Note the smaller width of cracking zone in type 321.

Fig. 14 : Weld metal HAZ cracking in type 316LN stainless steel
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excellent correlation and nearly one-
to-one correspondence between
TVT-MCL and LVT-MCD. This
clearly suggests that MCD provides
a reasonable measure of BTR and
can be used just as well as MCL
from the Transvarestraint test to
calculate this quantity (ref.21). The
ability to calculate BTR using LVT
results is important because this test
can provide information on HAZ
cracking in addition to solidification
cracking in the same sample.

The correlation between composition
and cracking in the materials tested
is shown in Fig. 9, where the crack-
ing is shown on a map of Cr*/Ni*
ratio vs P+S content. This diagram,
first used by Kujanpaa et al (22), is
divided into three regions. For low
Cr'g/Ni"g where the austenitic solidi-
fication mode occurs, alloys with
P+S >0.011% are highly susceptible
to cracking. Alloys solidifying as
ferrite (CrJNi*g > 1.5), were not
susceptible and could tolerate high
levels of P+S without cracking.
Lundin et al (12) showed that in the
AF region where the ferrite content
is limited, the cracking could be un-
acceptable if P+S is high and in-
cluded an intermediate regime where
the cracking tendency is a function
of P+S levei.The BTR values for the
compositions tested do confirm the
trend predicted by the diagram,
except for 316LN, which shows
higher cracking than 316L despite
having a lower impurity level. This
could possibly be due to enhanced
segregation of P in the presence of
N,

Microstructural Features of
Cracking :

Fusion Zone Cracking : The micro-
structural features of fusion zone
cracking observed in type 316L and
316LN are shown in Figs. 10a and
b. Fig. 10a shows the cracking
connfined to AF regions in 316L that
are arrested in a primary ferritic FA
region. The primary austenitic 316LN
shows extensive cracking (Fig.lIOb).
Cracking in stabilized stainless
steels D9 and 321 is shown in Fig.
11. The fully austenitic D9 shows
many large cracks (Fig.lla) while
the 321 showed a large number of
fine cracks in an FA mode micro-
structure. The cracking was high
despite the refinement in microstruc-
ture due to the presence of delta-
ferrite. Extraction of segregatPd
phases by electrochemical dissoli -
tion followed by X-ray diffraction
analysis showed that D9 weld metal
contained Ti*CS, Ti(C,N) and TiC
phases in varying amounts (23). The
proportion of Ti(C,N) increased with
increasing titanium content. This
indicates that low melting eutectics
containing these compounds are
able to penetrate even the austenite
ferrite boundaries that are usually
resistant to wetting by phases con-
taining P and S.

HAZ Cracking: Cracking in the base
metal HAZ of 316L and 316LN are
shown in Rgs. 12a and b. Fig. 12a
shows cracks in 316L. However,
316LN (Fig.12b) showed a much
wider partially melted zone with
extensive liquation of grain bounda-
ries. Many cracks are also backfilled
with liquid from the fusion zone. The
higher cracking in 316LN is due to
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the lower ferrite content that in-
creases the susceptibility to crack-
ing. In stabilized stainless steels, the
HAZ cracking is generally much
higher than in the unstabilized vari-
eties. Fig. 13a and b show cracking
in D9-B and type 321 weld metal
respectively. The microstructure of
D9 is fully austenitic while a primary
ferritic structure with 4-5 FN s
present in the 321. The D9 shows
a wider crack-susceptible region,
although the total amount of cracking
is less. In 321, the width of the
partially melted zone is observed to
be smaller because of the higher
ferrite potential.

Cracking in the HAZ of previously
deposited weld metal (WMHAZ) of
316LN is shown in Fig, 14. The crack-
ing is more extensive in this region,
since segregation is already present
due to solidification. Further, the
presence of an AF microstructure
with a small amount of ferrite has
been shown to be detrimental, since
the ferrite in the underbead dissolves
during the deposition of the subse-
quent pass to release harmful sol-
utes such as P and S. Segregation
of P has been previously shown to
incease cracking in the
WFHAZ(16).

Effect of Nitrogen on Cracking in
316L and 316LN :

The effect of nitrogen addition on hot
cracking of type 316L and 316LN
weld metals is shown in Fig.15. The
initial microstructure of 316L was FA
with some isolated regions of AF and
a ferrite content of nearly 3 FN. As
nitrogen content was increased from
0.036% to 0.07%, the FN decreased



to nearly 1 and the solidification
mode was changed to AF. On further
addition of nitrogen to 0.1-0.2%,
there was a sharp increase in crack-
ing by over 20%, which was retained
at high levels of nitrogen up to
0.19%. However, a decrease in
cracking tendency was observed for
a nitrogen level of 0.12%. The in-
crease in cracking due to nitrogen
addition is explained by the in-
creased segregation of P and S in
the presence of nitrogen, which has
been observed previously (24). How-
ever, in 316LN,quite an opposite
trend was observed. Here, nitrogen
addition over the initial level of
0.073% to 0.14 and 0.19% de-
creased the cracking by 25-
30%,which is quite significant. The
beneficial effect of nitrogen in 316LN
is probably due to the grain refining
tendency that has been attributed to
nitrogen. However, a complete ex-
planation of these results is still
awaited.

CONCLUSIONS

1. Methodology for hot cracking
testing of stainless steels was
investigated using the longi-
tudinal Varestraint and Trans-
varestraint tests. The results
showed that the maximum crack
distance (MCD) parameter
obtained from the longitudinal
test is equivalent to the MCL
obtained using the Trans-
varestraint test. It was shown
that brittleness temp-erature
range for fusion zone cracking
can be obtained from LVT.

Fig. 15 : Effect of nitrogen in weld metal on weld metal cracking behaviour
of type 316L and 316LN weld metals. Solidification mode observed is
indicated against each data point.

2. Better correlation with compo-

sition was obtained using BTR
criterion than with total crack
length in LVT, according to the
Suutala diagram. Stabilized
stainless steels did not show
reduced cracking with ferritic
solidification mode and did not
fit into the above correlation.
This is probably due to the
increased wetting of austenite-
ferrite boundaries by liquid rich
in solutes such as Ti, Nb in
these steels.

3. Increasing Ti/C ratio from 4 to

6 caused an increase of
cracking by 30% in alloy D9.
The increased cracking was
caused by the formation of
greater amounts of TI*CS,
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Ti(C,N) and TiC phases with
increasing titanium content.

The effect of nitrogen on fusion
zone cracking in austenitic-
ferritic or austenitic weld metal
was investigated. Nitrogen has a
complex effect on fusion zone
cracking that was dependent on
the level of impurity elements P
and 8 in type 316L weld metals.
When the impurity level was low
(0.032%), nitrogen addition upto
0.19% decreased cracking by
up to 25% over the base level.
However, at the higher impurity
level N increased cracking
significantly.

Microstructurai examination of
fusion zone and HAZ cracking



revealed that type 316LN weld
metal showed more cracking
and grain boundary liquation
than 316L, despite having a
lower impurity level. The
stabilized stainless steels 321
and 347 showed a higher
cracking tendency  than
unstabilized stainless steels.
However, HAZ cracking in D9
alloys was low due to the lower
impurity levels.
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