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Abstract

This research article reports the metallurgical and mechanical properties of pulsed current
gas tungsten arc welded AISI 4340 and AISI 304L by autogenous technique. This article
investigates the detailed structure-property relationship of the weldments using optical and
scanning electron microscopy techniques. Microstructure studies corroborated the formation
of martensite at the weld zone and heat affected zone of AISI 4340, which contributed to higher
hardness and strength at room temperature. Tensile studies inferred that the failure occurred
at the parent metal and in the weld region when operated at ambient and high-temperature
conditions (600◦C), respectively. The average tensile strength of the welded joint was found
to be 708 MPa, 308 MPa in the ambient temperature and elevated temperature, respectively.
Charpy V-notch studies revealed that the average impact energy of the weldments was found
to be 6.2 J, due to the presence of martensitic structure at the weld. The outcomes of the
study attested the use of autogenous- pulsed current gas tungsten arc welding, eliminating
the need for filler wire, which is cost effective welding technique for joining these dissimilar
metal combinations.

K e y w o r d s: aeronautical steel, austenitic stainless steel, pulsed current, microstructure,
mechanical characterization

1. Introduction

Austenitic stainless steel, AISI 304L has a versatile
range of industrial applications in thermal and nuclear
power plants, aerospace and chemical industries owing
to its good weldability, excellent corrosion resistance
and high-temperature strength [1–3]. Since the carbon
content in these grades of stainless steels is low, they
are free from negative metallurgical transformations
such as chromium carbide precipitation, hot cracking
tendency, etc. [4]. Similarly, AISI 4340 finds its ap-
plication in the design of aerospace components such
as landing gear and mortar casings. Due to their high
impact strength and superior fatigue properties, these
steels are also preferred to manufacture components
pertaining to aerospace, nuclear and defense applica-
tions [5–7]. These combinations are also being utilized
in high temperature operating conditions.
Dissimilar metal welding (DMW) is one fascinat-
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ing field of research which offers economic viability
and design flexibility. As reported by various other
researchers [8–11] dissimilar metal joints of low alloy
steel and stainless steel are extensively used in the
power generation and nuclear sectors, where pressure
vessels are made of low alloy steel and are connected
to stainless steel piping systems. Despite having sev-
eral advantages mentioned above, there are several
setbacks reported by various other researchers while
employing DMW, such as elemental migration, the
formation of secondary and complex phases, partially
mixed zones and vulnerability of the weld metals to
liquation and hot cracking [12–14]. These problems
mainly arise due to the differences in the chemical
composition and thermal expansion coefficients of the
metals employed. However, attempts have been car-
ried out on the commercially practicable welding tech-
niques such as gas tungsten arc welding, gas metal arc
welding and shielded metal arc welding for solving the
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Table 1. Chemical composition of the base metals with their Cr and Ni equivalent

Chemical composition (wt.%)

Base metal C Si Mn Cr Ni Mo Fe Creq Nieq Creq/Nieq

AISI 4340 0.31 0.23 0.64 0.98 1.34 0.23 Bal. 1.56 10.96 0.14
AISI 304L 0.037 0.46 0.95 19.14 8.35 0.17 Bal. 20 9.93 2.01

Nieq = %Ni + (%C × 30) + (%Mn × 0.5)
Creq = %Cr + %Mo + (%Si × 0.5) + (%Nb × 0.5)

drawbacks above. There are some solutions adopted
by the industries such as the use of the pulsed cur-
rent technique, proper selection of process parameters
and filler metal. Pulsed current is the modified form of
conventional gas tungsten arc (GTA) welding method
which enjoys several benefits regarding metallurgical
and mechanical properties including lower heat input,
reduced bead width and heat affected zone (HAZ),
grain refinement and lower distortion [15–17]. In ad-
dition to that, the cooling rates are faster compared
to the conventional GTA welding technique.
Dissimilar metal joints between low alloy steel and

a stainless steel face some challenges such as hot crack-
ing, hydrogen cracking and formation of brittle phases
due to segregation, which results in premature fail-
ure of components. Researchers addressed that carbon
diffusion and subsequent formation of strong metallic
carbides in the weld metal and HAZ attributed to sev-
eral adverse effects. The formation of these carbides
substantially increased the hardness and contributed
to cracking at this zone [12–14].
Ozdemir et al. [18, 19] investigated the friction

welded AISI 4340 and AISI 304L joints and observed
very low tensile strength of 80 and 95MPa. The
authors claimed that the formation of inter-metallic
phases such as σ and δ-ferrite contributes to lower
tensile strength.
Arivazhagan et al. [20] studied the effect of heat

input on the microstructure and mechanical proper-
ties of GTA welds of low alloy steel and austenitic
stainless steel. The authors reported that on employ-
ing high heat input, the chance of micro-segregation
of alloying elements was found to be high. Also, they
witnessed the depletion of chromium at the grains,
which in turn deteriorated the weld mechanical prop-
erties. Several other researchers also reported the use
of these dissimilar metal combinations obtained from
GTAW, electron beam welding and friction welding
techniques [21–24].
It is explicit from the literature that there is a

huge demand for these dissimilar metal combinations
in various engineering applications. As reported by
various other researchers [2, 25], PCGTA welding is
one of the successful welding technique employed to
achieve better mechanical properties. Hence in this re-
search work, an attempt has been made to weld this

dissimilar metal combination using PCGTA welding
without the aid of filler metal. Both the room and
high-temperature tensile studies were performed to as-
sess the tensile properties of the weldments. Further,
Charpy V-notch impact test and hardness tests were
performed in the ambient conditions to assess the me-
chanical properties of the weld joint.
The outcomes of the study will be highly beneficial

and successfully executable in the industries employ-
ing these dissimilar metal combinations.

2. Experimental

2.1. Candidate metals and welding procedure

The chemical composition of the base metals em-
ployed in this study was examined by dry spectro-
scopic methods and delineated in Table 1. The dimen-
sions of the base metals AISI 4340 and AISI 304L mea-
suring 125mm long× 125mm wide× 5mm thick were
obtained using wire-cut electrical discharge machining
(EDM) technique. The oxide layers formed during the
wire cut operation were removed before the welding
procedure. A square butt joint configuration was em-
ployed as shown in Fig. 1a. PCGTA welding was car-
ried out on these dissimilar metals using Kemppi Mas-
ter TIG MLS400. The thermal conductivity of AISI
304L and AISI 4340 is 16.2 and 44.5Wm−1 K−1, re-
spectively, which shows that the heat dissipation in
AISI 4340 would be higher. Hence, selective preheat-
ing was done on the AISI 4340 side to a temperature
of 120◦C to compensate for the thermal losses and
to avoid cracking. The process parameters were se-
lected based on the results of the iterative trials and
are shown in Table 2. This study employed the use
of 2 % thoriated tungsten electrode, inert gas argon
of 99.99 % purity with a flow rate of 16 Lmin−1 and
pulse on current of 50 %. The heat input, HI, calcula-
tions for the three trials were done using the formulae
mentioned below [26]:

HI = η
ImV

S
, (J mm−1), (1)

where η is the arc efficiency which is 60 %, Im is the
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Ta b l e 2. Process parameters for autogenous PCGTAW welding of AISI 4340 and AISI 304L

Trial Voltage
(V)

Peak current
Ipeak (A)

Base current
Ibase (A)

Pulse on
time

Frequency
(Hz)

Welding
speed S

(mmmin−1)

Gas flow rate
(L min−1)

Max. heat
input

(kJ mm−1)

1 12–13 240 100 50 % 6 150 16 0.530
2 12–13 260 100 50 % 6 150 16 0.561
3 13–14 280 100 50 % 6 150 16 0.638

Fig. 1. Dissimilar weld joint between AISI 4340 and 304L
employing autogenous PCGTA welding: (a) schematic rep-
resentation of “square butt joint” configuration; (b) pho-

tograph of the as-welded joint.

mean current in (A), V is the voltage at the time of
welding in (V), S is the welding speed in (mm s−1).
In pulsed GTAW, the mean current is considered

for heat input calculation because the current is being
pulsed from a higher peak value to a lower base value
at a particular frequency. The mean current Im [26] is
calculated using the equation

Im =
IPtp + Ibtb
tp + tb

, (2)

where IP is the peak current, Ib is the base current, tp
is the peak current duration, and tb is the base current
duration.

2.2. Macro- and microstructure examination

Dissimilar joints of AISI 4340 and AISI 304L were
investigated using dye penetrant test and γ-ray ra-
diography non-destructive testing (NDT) technique to
evaluate the weldment for surface and sub-surface de-
fects, respectively. On conforming to the NDT accep-

tance, the weldments were sliced to coupons of differ-
ent dimensions to facilitate various metallurgical and
mechanical tests.
Macro- and microstructure examination was car-

ried out on the cross section of the weldment mea-
suring 30mm× 15mm× 5mm, which covers all the
zones including the base metals, weld zone and HAZ
of both the parent metals. Standard metallographic
procedures were employed on these coupons to reveal
the microstructure at various zones of the weldments.
Two percentage nital for AISI 4340 side, weld zone
and a mixed acid solution containing 15ml HCl, 10 ml
acetic acid, 10ml nitric acid for AISI 304L were used
as etchants to examine the microstructures. Both opti-
cal and scanning electron microscopy techniques were
adopted to understand the microstructure features of
these dissimilar joints.

2.3. Mechanical characterization of the
weldments

Mechanical properties of the weldments were as-
certained by conducting various tests. Microhardness
examination was carried out on the composite zone
at different passes vis-à-vis cap, filler and root pass of
the weldment by applying a test load of 500 gf load
for 10 s. The measurements were recorded at regu-
lar intervals of 0.25mm. The tensile test was carried
out both at room temperature and high-temperature
conditions (600◦C) to assess the performance of the
weldments. Room temperature transverse tensile test-
ing specimens were prepared as per ASTM: E8/8M
standard. Testing of the samples was carried out us-
ing Instron dynacell-8081 with a crosshead velocity
of 2 mmmin−1 to maintain a uniform strain rate of
3.3× 10−4 s−1. High-temperature tensile testing was
carried out on the samples in accordance with ASTM
E21-2009. Testing temperature was 600◦C and the
samples were held for 20 min at the elevated tempe-
rature before the load was applied.
To assess the response of the weldments to impact

loading, Charpy V-notch test at room temperature
(24◦C) was conducted on the specimens prepared as
per ASTM E23-07. Both the tensile and impact stud-
ies were performed on three samples to ensure the re-
peatability of the results.
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Fig. 2. The macrostructure showing the dissimilar weld-
ments of AISI 4340 and AISI 304L (a) trial 1; (b) trial 2;

(c) trial 3.

3. Results and discussion

3.1. Metallurgical characterization

3.1.1. Macro- and microstructure examination

Visual inspection of the as-welded samples in
Fig. 1a reveals good weld bead and absence of sur-
face defects like surface porosity, undercut, and cracks.

Macrostructure examination of the trials is repre-
sented in Figs. 2a–c. Full penetration joint in Fig. 2c
with proper sidewall fusion between the parent metals
could be achieved with autogenous PCGTA welding
on employing the parameters of Trial 3.
Microstructure studies revealed dense pearlite

colonies present in the ferrite matrix in Fig. 3a at the
parent metal of AISI 4340. The presence of twins and
δ-ferrite stringers running parallel to the rolling direc-
tion in the austenitic matrix is observed in AISI 304L
in Fig. 3b.
The HAZ of AISI 4340 in Fig. 4a shows the forma-

tion of martensite with carbide precipitates. Whereas,
delta ferrite clusters are observed at the partially
melted zone of AISI 304L as shown in Fig. 4b. These
delta ferrite clusters have beneficial effects like better-
elevated temperature ductility and lower thermal ex-
pansion coefficient than the austenite [27]. This allows
relaxation of thermal stresses and less thermal con-
traction, thereby preventing the liquation cracking at
the HAZ of AISI 304L. The weld zone microstructure
in Fig. 4c is observed to have martensite with finely
dispersed carbides. The formation of martensite at the
fusion zone and HAZ of AISI 4340 could be substanti-
ated to the pearlite to martensite transformation, due
to weld thermal cycle [2]. Arivazhagan et al. [13] and
Ozdemir et al. [18] reported that the factors such as
temperature gradient and physical constraints played
important roles in altering the microstructures. Dur-
ing welding, high temperature (above upper critical
temperature, AC3) is attained in the weld zone and
the HAZ of AISI 4340 steel. The composition in the
weld zone and HAZ of AISI 4340 favours the austenite
formation at this high temperature. According to the
literature [15], [16], pulsed current results in reduced
heat input and also higher cooling rate in the fusion
zone. Further, the thermal conductivity of the parent
material AISI 4340 is high, resulting in higher tempe-

Fig. 3. The microstructure of the base metals: (a) AISI 4340; (b) AISI 304L.
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Fig. 4. Interface and weld microstructures of the dissimilar
weldments showing (a) HAZ – weld of AISI 4340; (b) HAZ

– weld of AISI 304L and (c) weld zone.

rature gradient between the weld and the AISI 4340
parent material, which accelerates the cooling rate in
the weld metal and HAZ of AISI 4340. This condition
favours for the transformation of the already formed
austenite in the weld zone and HAZ of AISI 4340, to
martensite. Also, enriched amounts of carbon at the
weld and the low alloy steel side with a higher cooling

rate resulted in the formation of dispersed carbides at
these zones.

3.1.2. Scanning electron microscopy and
energy-dispersive X-ray spectroscopic analysis

Scanning electron microscopic (SEM) micrographs
and energy-dispersive X-ray spectroscopic (EDS) anal-
ysis were carried out on the cross-sectioned coupon
of the weldment. SEM/EDS at the interface between
AISI 304L and the weld is represented in Fig. 5a and
the interface between the weld and AISI 4340 is rep-
resented in Fig. 5b. The line mapping shows the com-
position of various elements across the weldments. It
is evident that an element Fe has gradually migrated
from AISI 4340 to AISI 304L side. Cr and Ni have also
gradually migrated from AISI 304L to the weld zone.
EDS quantitative point analysis in Fig. 6a,b was also
carried out to infer the presence of elements at vari-
ous locations of the weldments. The analysis carried
out in the weld zone adjacent to AISI 304L side shows
the presence of 9.88 % Cr and 4.31% Ni. Similarly,
the presence of 6.8 % Cr and 3.5 % Ni is observed at
the weld zone adjacent to AISI 4340. The elemental
composition observed in both the weld zones shows
that Cr % is predominant than the Ni %. Also, the
Creq/Nieq ratio is found to be 0.16 and 0.10 at the
weld zone Z1 and Z2, respectively. This is similar to
the AISI 4340 parent metal Creq/Nieq ratio. The ob-
served chemical composition and the Creq/Nieq ratio
suggest that the weld zone could have the conditions
favouring the martensite structure.

3.2. Mechanical characterization

3.2.1. Hardness measurements

The hardness profile of the dissimilar weldment is
shown in Fig. 7 and the average hardness values of the
dissimilar joint are represented in Table 3. Microhard-
ness measurements inferred that the average hardness
of the weld zone was found to be 502 HV and the av-
erage hardness at the HAZ of AISI 4340 was found to
be 544HV. Conversely, hardness at the HAZ of AISI
304L was found to be 216HV. This higher hardness
clearly envisaged the formation of martensitic phase
and carbides in the weld zone and the HAZ of AISI
4340, the difference in the average hardness values in
these zones could be attributed to the difference in the
carbon content. It is evident from the hardness plots
that the hardness at the weld zone and HAZ of AISI
4340 is found to be greater as compared to other zones
of the weldments and it is suggested that these zones
are the strongest part of the joint. The tensile results
also support the discussion, as the tensile failure took
place in the parent metal AISI 304L.
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Fig. 5. EDS line mapping analysis on the dissimilar weldments of AISI 4340 and AISI 304L: (a) interface between AISI
304L and the weld; (b) interface between the weld and AISI 4340.

Ta b l e 3. Hardness values at different locations of the dissimilar joint between AISI 4340 and AISI 304L

Vickers microhardness value, HV

HAZ of AISI 4340 Weld ( Fusion zone) HAZ of AISI 304L

544 ± 13 502 ± 37 216 ± 4

3.2.2 Tensile test at room and high-temperature
conditions

Tensile test results at the room temperature con-
ditions in Fig. 8a clearly depicted that the fracture
occurred in the parent metal AISI 304L in all the tri-
als. The average tensile strength of these dissimilar
weldments is 708.5MPa, with a considerable amount
of ductility as depicted from the SEM fractography
results shown in Fig. 8b. The surface fractography
in Fig. 8b exhibited predominately dimpled rupture
features without any preferential fracture path. Also,
they show fibrous network intimating that the mode of
failure is ductile. The average elongation of the dissim-
ilar weld joint is found to be 12.5mm. As reported by
Arivazhagan et al. [28], these dissimilar metal joints

are operated in high-temperature conditions. Hence, it
is reckoned to perform high-temperature tensile stud-
ies at 600◦C to assess the performance of these dissim-
ilar weldments in service conditions. The tensile study
shows that the fracture occurred at the weld zone in
Fig. 9a and the ultimate tensile strength is reported
to be 308MPa. SEM fractography results in Fig. 9b
show the presence of coarse voids and dimples in the
ductile tearing ridges in the high-temperature condi-
tions. The average tensile properties of the dissimilar
joint are shown in Table 4.
The tensile results were in concordance with the

hardness data and microstructure. The formation of
martensite in the weld zone and HAZ of AISI 4340
contributed to better strength and hardness, suggest-
ing that the fracture would not be experienced in
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Fig. 6. SEM/EDS point analysis on the dissimilar weldments of AISI 4340 and AISI 304L: (a) interface between AISI 304L
and the weld; (b) interface between the weld and AISI 4340.

Ta b l e 4. Room temperature and high-temperature tensile properties of the dissimilar joint between AISI 4340 and AISI
304L

Room temperature High-temperature conditions (600◦C)
Property Unit

Avg. (SD) Avg. (SD)

Ductility (%) 38.75 ± 2.0 7.90 ± 0.08
Ultimate tensile strength (MPa) 708.5 ± 33 308 ± 5.60
Fracture location Parent metal of AISI 304L Weld zone

these zones. Also, the HAZ of AISI 304L exhibited
an agglomeration of delta ferrite stringers with coarse
grains. These delta ferrite colonies act as a barrier for
deformation mechanism. As the parent metal of AISI
304L offered lower hardness values, the tensile fracture

is experienced at this zone.
In room temperature tensile testing, during load-

ing, the primary deformation is facilitated due to
movement of dislocations by a glide. With the presence
of the finer martensitic structure, dislocation move-
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Fig. 7. Vickers microhardness measurements at different zones of the dissimilar weldments of AISI 4340 and AISI 304L.

Fig. 8. (a) Tensile tested specimens of dissimilar weldments
showing the fracture occurred at the parent metal of AISI
304L; (b) SEM fractography showing the presence of dim-

ples and micro-voids on the fractured surface.

ment is restricted at the grain boundaries and even-
tually a huge amount of energy is required to break
up the dislocation pile-up. It is thus evident that the
finer martensitic grains in the weld zone contributed
to better strength at the room temperature.
At elevated temperatures, the mobility of atoms in-

creases due to active diffusion controlled mechanisms.
Further, the dislocation climb is a thermally activated
process that causes greater mobility of dislocations out
of glide planes by interaction with vacancies. The for-
mation of new glide systems and increased dislocation

Ta b l e 5. Impact toughness data at room temperature
conditions

Description Average impact toughness (J)

Parent metal AISI 4340 12 ± 1
Parent metal AISI 304L 68 ± 1
Weld 6 ± 1

mobility assists the glide to a larger extent thereby im-
poverishing the tensile strength at the elevated tem-
peratures [29].
Fine-grained martensitic structure in the weld zone

has high dislocation density which exhibits higher
yield strength at lower temperature, but at the ele-
vated temperature, due to enhanced rate of void for-
mation and increased dislocation mobility, results in
reduced tensile strength of this dissimilar weld joint
[30–32].

3.2.3. Impact test

It is important to note the response of the dissim-
ilar welds to the impact loading conditions to test its
survivability in service conditions. Hence, Charpy V-
notch impact test was carried out on these dissimilar
weldments in Fig. 10a. The impact toughness values of
the weldment and the employed base metals are repre-
sented in Table 5. It was inferred from the results that
the impact toughness of the dissimilar weldments in
the as-welded condition is found to be lower (6 J). As
discussed earlier, due to the formation of high carbon
martensite in the weld zone (as supported by micro-
hardness values and impact energies), the observed en-
ergy was low. Further, SEM analysis was carried out
to investigate the mode of rupture in Fig. 10b. The
absence of fibrous and dimpled network and the pres-
ence of cleavage planes in the fractography suggested
that the mode of failure was brittle.
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Fig. 9. (a) High-temperature tensile studies on the dissimilar weldments of AISI 4340 and AISI 304L before and after
fracture; (b) SEM fractography of the high temperature tensile tested weldment.

Fig. 10. (a) Impact tested samples of dissimilar weldments
(b); SEM fractography of the impact tested sample.

In a nutshell, this study envisaged that PCGTA
welding of AISI 4340 and AISI 304L offered good ten-

sile properties at room temperature conditions as com-
pared to the results reported by Ozdemir et al. [18,
19]. Weld metal cracking was not observed, which re-
sulted as a consequence of the PCGTA welding and
pre-heating of AISI 4340.

4. Conclusions

This study reported the joining of AISI 4340 and
AISI 304L by PCGTA welding technique without the
aid of filler wire. The following are the major conclu-
sions summarized from the present study:
(a) Defect free welds of AISI 4340 and AISI 304L

could be obtained from PCGTA welding process with-
out filler metal.
(b) Microstructure revealed the presence of mar-

tensite at the weld zone and the HAZ of AISI 4340
with dispersed carbides.
(c) Tensile failures occurred at the parent metal

of AISI 304L in all the trials at room temperature.
The results showed that weld strength is higher as
compared to the parent metals employed in the study.
(d) Elevated temperature tensile studies showed

enhanced rate of void formation and increased dis-
location mobility, which in turn resulted in reduced
tensile strength of this dissimilar weld joint.
(e) Lower impact toughness of these dissimilar

weldments could be related to the higher hardness,
exhibited due to the presence of high carbon marten-
site with finely dispersed carbides.
(f) Although the weld zone impact toughness of
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this dissimilar weldment is lower, the room tempera-
ture tensile strength of the weld joint is found to be
satisfactory.
(g) The study recommends autogenous welding

technique which is cost effective, for joining these dis-
similar metals in applications which are not subjected
to impact loading.
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