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Abstract - This work investigates the effects of heat input
and shielding gas composition on microstructure, ferrite
number, ultimate tensile strength, hardness, and impact of
austenitic stainless steels 304L. The shielding gases used in this
study are pure Argon and mixture of 98% Argon (Ar) and 2%
Nitrogen (N). Gas tungsten arc welding (GTAW) process was
applied to weld joints. The results of the present work showed
that the shielding gas composition has a significant effect on
microstructure, ultimate tensile strength and hardness.
Microstructure revealed changing in solidification structure
from ferrite to austenite when used shielding gas 98% Ar and
2% N and revealed when heat input increased the dendrite
size and inter-dendritic spacing in the weld metal also
increase. The ferrite number decreased with increasing the
heat input and using mixture of 98 % Ar and 2 % N.
Transverse tensile test revealed that the average ultimate
tensile strength (UTS) values increased with decreasing the
heat input, using mixture of 98 % argon and 2 % nitrogen as
shielding gas. furthermore Hardness values increased with
decreasing of heat input and using shielding gas of 98 % Ar
and 2% N.

Key Words: Heatinput, Shielding gas, austenitic Stainless
steel 304L

1. INTRODUCTION

Stainless steels are an important class of engineering
materials that have been used widely in a variety of
industries and environments. Austenitic stainless steels have
been used widely by the fabrication industry owing to their
excellent high temperature and corrosion resistance
properties. Some of the typical applications of these steels
include their use as nuclear structural material for reactor
coolant piping, valve bodies, vessel internals, chemical and
process industries, dairy industries, petrochemical
industries etc. Welding is an important fabrication technique
for stainless steels, and numerous specifications, papers,
handbooks, and other guidelines have been published over
the past 75 years that provide insight into the techniques
and precautions needed to weld these materials successfully
[1]. Austenitic stainless steels, such as the type 300 series,
are used in various types of plant because of their excellent
corrosion resistance, good mechanical strength at high

temperature, and high fracture toughness at low
temperature [2]. Type 304 SS is extensively used in
industries due to its superior low temperature toughness
and corrosion resistance [3]. American Iron and Steel
Institute (AISI) type 304 is the foundation of 300 series
austenitic stainless steels is by far the oldest, largest and
most important group in the stainless steel range [4].

Gas tungsten arc welding (GTAW) is the most important
joining technique in almost all types of manufacturing
industries. GTAW is suitable for welding thin materials when
good quality and surface finish are required [5]. Gas
Tungsten Arc Welding (GTAW), also known as tungsten inert
gas (TIG) welding is a process that produces an electric arc
maintained between a non-consumable tungsten electrode
and the part to be welded [6]. Nitrogen is a very strong
austenitic former, adding small amounts of nitrogen into the
argon shielding gas during welding will dramatically
decrease the amount of delta ferrite in an austenitic stainless
steel weld metal [7].

In 304 stainless steel, the existence of only one gamma
austenite is normal; however, the weld always contains
residual delta ferrite of approximately 5-10%.[8] The delta
ferrite preferable for preventing hot cracking during the
cooling of the weld metal [9, 10, 11].]. A. Brooks et.al [12]
Iron nickel chromium alloy, were used to study fundamental
reasons for weld cracking microstructure relationships in
austenitic stainless steels and resulted in Welds that
solidified as primary ferrite were extremely resistant to hot
cracking and also emphasize that the high impurity solubility
in ferrite plays a major role or is necessary to cracking
resistance. Both phosphorus and sulfur are commonly
treated and act as impurities that degrade weld ductility
and cracking resistance. Segregation of P and S to grain
boundaries and formation of low melting phosphides and
sulfides that are the result of eutectic-like reactions of
these elements with Fe are popularly believed to be
major contributors to hot cracking resistance [10].
Increasing of delta-ferrite contentleads to an increase in the
ultimate tensile strength [13].
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2. Experimental Work

2.1 Base metal and filler metal

The base metal used in this investigation is austenitic
stainless steel grade type 304 L which has specified minimum
yield strength 205 MPa and ultimate tensile strength 515
MPa [14], and its chemical composition and microstructure
are shown in table 1 and fig 1 respectively. The filler wire
used in this investigation is ER308L which is solid wire of
the specification and classification in ASME SFA 5.9 [15],and
its chemical composition is shown in table 1.

2.1 Welding Procedure

In the present work single V-groove design was used. Before
welding all the edges were thoroughly cleaned mechanically
and chemically in order to avoid any source of
contamination like rust, scale, dust, oil, moisture etc. After
tacking the plates together the first weld pass was given
using GTAW process with welding procedures as mentioned
in Table 2 and prior to giving of second pass an interpass
temperature of around 1500C was maintained. No preheat
or post heat treatment was given to the specimens. During
this work six samples are welded using different heat input
and shielding gases.

Fig.1 Microstructure of base metal, AISI 304L.

Table 1 chemical composition of austenitic stainless steel
304L and filler metal ER 308L

Mate | C r Si|S P Cr Ni | Cu | Fe
rial % % % | % % % % | % | %
Base | 00 | 1. | 0. |00 |00 |18 |81 | _ Bala
metal | 3 61 | 4 | 02 | 22 04 |7 nce
Filler | 0.0 . 10.]10.0 |00 |21 |10.|0. Bala
metal | 21 | 7 5106 |2 1 4 51 | nce

2.3 Specimen sampling

The specimens for tensile testing, microstructure studies
were taken from the weld pads as schematically illustrated
in Fig 2.
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Fig.2 schematic illustration of the specimen sample from
the weld pads

Table 2 Welding Procedures

Filler Avera g:era 1exverag g:era
Proced W.lre ge Curre | Travel .Shleld Heat
ure Diame | Volta ing
nt Speed Input
No. ter ge Gas
(mm) | (V) (amp | (mm/ KJ/m
) min) m
PNo.l |2 122 | 90 100 i‘r”e 0.395
PNo2 |2 122 | 90 50 i‘r”e 0.79
PNo3 |2 126 | 110 |50 i‘r‘re 0.998
98%
PNo.4 2 12.7 90 100 Ar 0.411
/2% N
98%
PNo.5 2 12.7 90 50 Ar 0.822
/2% N
98%
PNo.6 2 13.3 110 50 Ar 1.53
/2% N
General notes:

- No preheat or post weld heat treatment were used

- Inter pass temperature max (150 °C)

- Calculation of heat input is bases on arc efficiency % 60 as
Vsl=60 _—

Q o0 u] = Ef ficiency

Where: Q is heat input, Visvolt, I is welding current and S is

travel speed

2.4 Metallography

In order to observe the microstructure changes that take
place during welding, the test specimen was cut for cross
sections, mounted and grind with emery papertoa 1200 grit
size. A polishing machine was then used to polish the sample
to a mirror finish before etching After polishing process, the
sample was then electrolytically etched using 10% oxalic
acid etching solution and 90% distilled water. A power
supply applied approximately 1 Amp and 5 Volts for about
60 seconds to etch each sample. Standard polishing
procedures were used for general microstructure
observations [16]. Microstructures of weld metal, under
different heat input and shielding gas were viewed and
captured with an optical microscope coupled with an image
analyzing software.
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2.5 Ferrite Number

Ferrite Number (FN) is termed to measure the delta-ferrite
content. The amount of ferrite is measured magnetically
according to AWS A4.2 standard [17]. A ferrite-scope was
used to measure the ferrite number of the weld metal.

2.5 Tensile Tests and Ductility

The tensile test was carried out for determining the ultimate
tensile strength and ductility of the welded joint. The test
specimens for tensile test were cut from the welded test
piece perpendicularly to the welding direction .The shape
and dimensions of the tensile test specimen which was
according to ASME (IX) [18] or ASTEM E08 as shown in fig 3,
and also the specimens prepared for tensile test as shown in
fig 4.

200 mm |

=925. |
BT

31im

I19mm
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o~ e
6mm— |~ —-I 6mm
32mm

Fig.3 Dimensions of reduced section tensile test specimen

Fig.4 The samples prepared for tensile test

2.7 Hardness Test

The Vickers hardness test using (HMV microhardness tester-
Shimadzu Japan) was carried out for determining the
hardness values of weld metal and heat affected zone (HAZ)
for each welded joint of test pieces. The test specimens for
hardness test were cut from the welded test piece
perpendicularly to the welding direction

2.8 Impact Test

The impact toughness tests were conducted using standard
specimens of 5*10*55 mm. The tests were carried out at
ambient temperature, (-85 and -196°C). Liquefied nitrogen
was used to obtain (-1960C) however dilute the liquefied
nitrogen with acetone was used to get (-85 oC). The
specimens needed for impact toughness test were cut

perpendicularly to the welding direction and with
dimensions in accordance with ASME SA370 [19].

3. Results and discussion
3.1 Metallographic studies
3.1.1 Effect of Heat Input

The effect of heat input was studied by procedures PNo.1,
PNo.2 and PNo.3 where three levels of heat input (0.395,
0.79 and 0.998 Kj/mm respectively) were produced as
shown in Table 2. As well known, microstructure,
microhardness, ferrite number, ultimate tensile strength,
hardness and impact were affected by heat input.

Microstructure (dendrite) of weld metal for procedures
PNo.1, PNo.2 and PNo.3 are demonstrated in Fig 5, Fig 6 and
Fig 7 respectively.

From the obtained micrographs, it is obvious that the
microstructures of 304L stainless steel weld metals are
completely different from that of the base metal (fig 1). All
weld metals have dendrite structure (ferrite and austenite)
phases [20, 21], but the base metal is fully austenitic
structure fig.1.

Measurements of dendrite cells or arm spacing are
accomplished in the same manner as grain size
measurements [22], that is, usually by the intercept method.
A complete procedure for measuring the size of non-
equiaxed grains or dendrites is described in ASTM E112[23];
measured grain sizes usually are expressed in the number of
grains per square millimeter, mean area per grain, or mean
diameter per grain.

In the present investigation, because of the shape of
dendrites which is completely non equiaxed, six lines are
used to calculate number of intercepts; three of them are
horizontal and the others are vertical; like grids. The results
arerepresented in Fig.5, Fig.6 and Fig. 7 and listed in Table 3
for PNo.1, PNo.2 and PNo.3 respectively. The results show
that a relatively difference between sizes of dendrites is
noted; ASTM number of dendrites for these procedures are
from 9.9 to 11.5. Therefore, dendrites of ER308 deposits
have tendency to coarsening within the implemented Heat
input range (from 0.395 to 0.998 Kj/mm).

Furthermore itis observed that the dendrite size in the weld
metal increase with increasing the heat input. With
increasing the heat input resulted in decreasing the cooling
rate of weld metal which allow more time for the dendrites
to growth [2].
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when compared with dendrite size of PNo.1, 2 and 3 which
welded using pure argon with PNo.4, 5 and 6 which was
welded using mixture of 98% Ar and 2% N, the ASTM
numbers of PNo.1, 2 and 3 are 11.5, 10.4 and 9.9 respectively
while PNo.4, 5 and 6 are 10.7, 10.1 and 9.1 respectively the
difference in dendrite sizes could be attributed to the
nitrogen having small effect of increasing heat input and the
nitrogen dissolved interstitially in the austenite [1].

Fig.5 Dendritic structure of WM of PNo.1 (0.395 Kj/mm,
pure argon).

4 5 6

Fig.8 Dendritic structure of WM of PNo.4 (0.411 Kj/mm,
2%N/98%Ar).

Table 4 ASTM Number

Fig.6 Dendritic structure of WM of PNo.2 (0.79 Kj/mm, P.No P.No4 | P.No5 | P.No 6
pure argon). ASTM Number 107 | 101 |91

4 5 6

Fig.7 Dendritic structure of WM of PNo.3 (0.998 Kj/mm,
pure argon). Fig.9 Dendritic structure of WM of PNo.5 (0.822

Kj/mm, 2%N/98%Ar).

Table 3 ASTM Number

P.No P.No1 | P.No2 | P.No 3
ASTM Number 11.5 10.4 9.9

Notes: Average ASTM number = -3.3 + 6.65 log (PL)
Where: P. is Number of intercepts per unit length multiplied by
magnification

3.1.2 Effect of Heat Shielding Gases

Measurements of dendritic size are shown in Fig.8, Fig.9 and
Fig.10 and the calculated ASTM numbers are listed in Table
4. These tables also demonstrate that the power of nitrogen
on coarsening of dendrites increases with increasing heat Fig.10 Dendritic structure of WM of PNo.6 (1.053 Kj/mm,
input where more nitrogen was dissolved in weld metal [1] 2%N/98%Ar).
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3.2 Ferrite Number

Most austenitic stainless steel weld is designed to solidify to
give primary ferrite and secondary austenite to minimize the
occurrence of hot cracks. This solidification mode is known
as the ferritic-austenitic solidification mode [22].

For PNo.1, PNo.2 and PNo.3, the ferrite number (FN)
measurements are given in Fig.11 The results show that
ferrite content in austenite is relatively reduced with
increasing heat input. This could be attributed to the slow
cooling rate which accompanied with high heat input giving
more chance of ferrite to austenite transformation [24]. With
increasing cooling (low heat input) the solid state
transformation is suppressed and the ferrite content
increases.

Ferrite number (FN) measurements for PNo.4, PNo.5 and
PNo.6 reveals decreasing than PNo.1, PNo.2 and PNo.3. The
comparison shows that using 2%N in shielding gas leads to
the reduction in FN by about 40%. Many researches [1, 25,
26] emphasized this fact; they reported that the presence of
nitrogen in weld metal significantly influences both the
mode of solidification and the quantity of ferrite retained in
the room temperature. They also showed that nitrogen is
substituting for nickel as an austenite stabilizer [7].

In spite of ferrite is beneficial in avoiding solidification
cracking, ferrite can be deleterious of weld ductility. Also
ferrite can cause sigma phase formation which limits the
usage of austenite weldment in high temperature
applications and corroded environments. The recommended
ferrite number in stainless steel ranged from 5 to 10 [10, 11],
so PN.1 (FN 11.2) should be rejected to avoiding formation
of sigma phase when using in high temperature application.

The powerful austenitizing effect of nitrogen (30 times
greater than that of nickel) tends to suppress primary ferrite
solidification and promote the primary solidification of
austenite. DeLong constitutional diagram [27, 28, 29] is
constructed depending on chromium (ferrite formers) and
nickel (austenite formers) equivalents as the following
equations:

Chromium equivalent = %Cr+%Mo+1.5(%Si)+ 0.5(%Cb)

Nickel equivalent = %Ni + 30(%C) + 0.5(%Mn) + 30(%N)
B Pure argon

T1.Z
11
10.5
10 9.5
9.5 8.9
9
8.5
7.5 6.8
6 ; 5.9
5 5.6
5.5
5
45
4
35 ; ;

98% argon/2% N

Ferrite Number
(=]

Fig.11 Comparison between FN of welding procedures using
shielding gas pure and 2% N/ 98%Ar.

3.2 Transverse Tensile Test and Ductility

Ultimate tensile strength and ductility were used to evaluate
the effect of increasing heat input. these results are
illustrated in Fig 12 for the investigated conditions. Average
ultimate tensile strength values of weld metal for PNo.1,
PNo.2 and PNo.3 are 613, 588 and 570 MPa respectively;
however ductility values are 35.3, 37.3 and 384 %
respectively. The results show that both ultimate tensile
strength and ductility are slightly affected with increase the
heat input. In spite of ultimate tensile strength is slightly
affected but it can be attributed to the formation of delta
ferrite in austenite and smallness dendrite size which give
high ASTM number for dendrite [30].

The ultimate tensile strength results of PNo.4, PNo.5 and
PNo.6 shows that nitrogen in shielding gas increases the
ultimate tensile strength by about 40MPa higher than that
for PNo.1,PNo.2 and PNo.3. (welded pure argon as shielding

gas).

The results of ductility are demonstrating that the presence
of nitrogen lowers ductility by 6 % as in Fig.13. It is also
noted that the presence of nitrogen is more effective for PNo
4, where the increase in strength is about 55 MPa. ductility
reduced by 8 %, and ferrite number 40%. this could be
attributed to nitrogen absorbed during welding resulted in
interstitial solid solution strengthen as the carbon [1,5].

(=2
oo
(=]

658 M Pureargon 98% argon/2% N

=]
[*x)
o

613 610

5838 590

570

Fig.12 Comparison between ultimate tensile strength of
welding procedures using shielding gas pure Ar and
2%N/98%Ar

Ultimate Tensile Strength (Mpa)

w
B
(=]

39 | B Pure argon

38 | 373
< 37 1 ! !362
2.3 1 353 351
% 35 |
g 34 |
2 325
32 | 1
31 |
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Fig.13 Comparison between ductility of welding
procedures using shielding gas pure Ar and 2%N/98%Ar.

98% argon/2% N 384
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3.3 Microhardness Test

Micro hardness measurements were taken in two directions
firstly in the transverse direction perpendicular to the base
plate surface and secondly, in the longitudinal direction
parallel to the base plate surface. Micro hardness of different
zones of the weldments was measured using Vickers’s micro
hardness testing machine.

The results represent that the hardness values are ranged
from 167 to 212 HV which reflects the austenitic matrix of
BM, HAZ, and WM. Average hardness of the HAZ is larger
than the BM and WM. Higher hardness in HAZ is attributed
to the occurrence of recrystallization and rapidly cooled
during and after welding which result in coarse and fine
grain structure Fig. 14. Comparison between the three levels
of heat input shows that PNo.1 has a maximum hardness
values of WM; about 186 HV which welded using low heat
input, this could attributed to smaller dendrite sizes and
lesser inter- dendrite spacing of weld metal which give
larger ASTM Number for grains [2].

Nitrogen is a strong solid-solution strengthener. Nitrogen
occupies interstitial sites and expands the lattice in a manner
similar to carbon [1]. Unlike high carbon contents, high
nitrogen contents do not result in sensitization problems.
The hardness across BM, HAZ, and WM for PNo.4, PNo.5 and
PNo.6 are plotted in Fig.15. The results represent that for the
three procedures, hardness values ranged from 184 to 212
HV and the maximum of WM is about 200 HV and possessed
for PNo.4. when compared with hardness values of PNo.1, 2
and 3 which were welded using pure argon with PNo.4, 5
and 6 which were welded using mixture of 98% argon and
2% nitrogen, the maximum hardness of weld metal for
PNo.1, 2 and 3 are 186, 176 and 170 HV respectively while
for PNo.4, 5 and 6 are 200, 194 and 189 respectively the
difference in hardness values are small that could attributed
to the nitrogen absorbed during welding resulted in
interstitial sold solution strengthen as the carbon [5]

220

210

]
=
=]

—
[X=]
(=]

Hardness, HV
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Fig. 14 Hardness values for PNo.1 (0.395 Kj/mm), PNo.2
(0.79 Kj/mm) and PNo.3 (0.998 Kj/mm) all with using
shielding gas of pure argon

Fig. 15 Hardness values for PNo.4 (0.411 Kj/mm), PNo.5
(0.822 Kj/mm) and PNo.6 (1.053 Kj/mm) all with using
shielding gas of (2%N/98%Ar).

3.4 Impact Test

Impact results were affected by heat input. Fig.16 illustrates
the impact toughness for PNo.1 to PNo.6 as shown in the Fig.
the impact toughness decreased with decreasing the heat
input. Lowering in impact toughness is attributed to
increasing the delta ferrite content [31].

Impact results were affected also by presence of nitrogen,
the comparison shows that impact toughness decreased by
about 16] due to presence of nitrogen. Lowering in impact
toughness this attributed to formation of nitride that reduces
toughness [27]. Also this may be presence of nitrogen in
interstitial sold solution as the carbon reduces the
toughness.

60 W Pure argon 98% argon/2% N 56

53
» 50
= 40
=]
240 38 38
Eas

30

25

20

15 . .

s ()
v
w
wl
=

ne
B~
w

Impact
PNo.1

Fig.16 Comparison between impact toughness of PNo.3
versus PNo.4

3. CONCLUSIONS

The conclusions can be summarized in the following points:-

»  For the six procedures; change in heat input has an
effect on dendritic size, ferrite number and
mechanical properties.

» Increasing the heat input decreased the ultimate
tensile strength and hardness and this could be
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attributed to decreasing the cooling rate which leads
to more coarse dendritic structure.

» Atlowestheatinputasin PN.o1, the FN increased, this

could be attributed to the increase in cooling rate
resulted in large amount of delta ferrite which makes
the weldment not suitable for high temperature
applications due to sigma phase formation and not
suitable for cryogenic applications due to the high
ductile to brittle transition temperature.

» Using 2% nitrogen in shielding gas increases the

tensile strength and reduces FN and the impact
toughness.

» Presence of nitrogen resulted increasing in hardness

and decreasing in impact toughness.
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