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Abstract
In this work, the microstructural evolution and mechanical properties of 304 austenitic stainless steel welds produced by 
GTAW process were examined after post weld heat treatment (PWHT). Thermal treatment was carried out at different tem-
peratures ranging from 450 to 1050 °C. The optical microscope and scanning electron microscope were used to study the 
microstructure and fracture surface of the welded joints. X-ray diffraction (XRD) and energy-dispersive spectroscopy (EDS) 
techniques were used to investigate the possible formation of intermetallic phases as σ or chromium carbide. Based on the 
results, no σ phase or chromium carbide precipitation was found. Also, the mechanical behavior of the joint was evaluated 
by tensile and microhardness tests. The microstructure of the 304 stainless steel was found to consist of equiaxed austen-
ite grains (γ) of various sizes limited by grain boundaries and twin crystals with small amount of delta ferrite (δ) in grain 
boundaries. The microstructure of the weld metal was austenite with dendritic structure containing skeletal delta-ferrite. The 
skeletal type delta-ferrite changed from columnar + equiaxed to cellular type by progression during heat treatment. The base 
metal (BM) and heat affected zone (HAZ) grain size decreased with increasing heat treatment temperature. Therefore, the 
mechanical testing results were appropriately correlated with the microstructure analysis. Tensile testing analysis showed 
that the highest tensile strength value was recorded for the as-welded specimen. On the other hand, the PWHT temperature 
has less effect on the tensile strengths but improves the elongation of the weldments. The micro-hardness for all the weld 
zones WZs exhibited lower values than that of the base metal BM and the heat affected zone HAZ. The latter presents similar 
micro-hardness values for all samples and slightly higher than that of the BM except for the weld heat treated at 850 °C, 
which attained high micro-hardness values. The weldment solution heat treated at 1050 °C shows the best and stable micro-
hardness profile similar to that of the as-weld specimen but with higher values in the weld zone.

Keywords  Austenitic 304 stainless steels · Gas tungsten arc welding (GTAW) · Post weld heat treatment (PWHT) · 
Microstructure and mechanical properties

1  Introduction

Stainless steels are alloys of iron, chromium, possibly nickel, 
and other alloying elements. And depending on their chro-
mium content and the metallurgical treatments they undergo, 
they may exhibit a wide range of properties. Austenitic stain-
less steels constitute an interesting class of the main groups 
of stainless steels because of their excellent mechanical 
properties (toughness and ductility), corrosion resistance, 
at low and high temperature, and weldability [1–4]. This is 
particularly so for austenitic stainless steel 304, which has 
become indispensable for many applications and more so in 
the gas and petroleum industries. However, there are various 
phenomena during the welding of this kind of steels that can 
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affect them, namely, (i) distribution of alloying elements; (ii) 
precipitation of intermetallic phases, and (iii) segregation 
during solidification [5–7].

It is well known that in the case where solidification occurs 
under equilibrium conditions, the microstructure of the aus-
tenitic stainless steel is mostly composed of austenite (FCC). 
However, if the solidification condition is non-equilibrium 
as in the case of welding with a high cooling rate, a certain 
amount of metastable δ-ferrite will inevitably remain due to 
incomplete transformation of ferrite-to-austenite [8]. Nor-
mally, the δ-ferrite content in the weld metal of the austenitic 
stainless steel varies from 2 to 10%. To avoid the phenomenon 
of hot cracking during weld solidification, a small amount of 
δ-ferrite is essential [9]. On the other hand, when the welds 
are intended for service at high temperatures (> 500 °C), a 
high ferrite content is not recommended, because at high tem-
perature most intermetallic phases are formed from metastable 
ferrite, which will influence the mechanical properties [10].

During the thermal cycle of welding process, when stain-
less steels are exposed to critical temperature in the range 
600–1050 °C, where intermetallic phases occur particularly 
in the heat affected zone (HAZ) such as σ, χ, and Cr-Fe rich 
carbides, this often leads to bad metallurgical changes that 
weaken the mechanical properties [7, 8, 11]. The precipita-
tion of Cr-Fe rich carbides at the grain boundaries or phase 
boundaries leads of Cr-deficient in the heat affected zone 
resulting in brittleness, welding decay, and reduced corro-
sion resistance [12–14].

A suitable post-heat treatment can homogenize the micro-
structure of the welded material and control the formation of 
intermetallic phases resulting in improved mechanical prop-
erties [14]. The conservation of intermetallic phases during 
hyperquenching in the solution heat treatment at 1050 °C 
ensured by the presence of molybdenum [15]. A short-time 
heat treatment of one hour indicates that at temperatures in 
the range 600–760 °C there are no precipitates in the fusion 
zone but the residual stresses will be escaped. However, at 
temperatures between 870 and 920 °C there is sigma phase 
precipitation as detected by EDS, which reduces the impact 
toughness [16]. Heat treatment at 1050 °C for 1 h recovers the 
properties of the base material, whereas a treatment at 800 °C 
for 10 h reduces the yield strength and increases the tensile 
strength [17]. The ferrite content decreases with increasing 
heat treatment temperature from 600 up to 900 °C for 2 h with 
formation of carbide and sigma phase detect by EDS [18].

Gas tungsten arc welding (GTAW) is a widely used tech-
nique for welding stainless steel pipes. This technique causes 
microstructural changes and residual stresses resulting in 
poor mechanical properties and low corrosion resistance in 
aggressive environments. The main objective is to make a 
correlation between the changes in the microstructure during 
aging treatment and the mechanical properties of the welded 

joint in order to obtain the optimum PWHT temperature for 
reducing the residual stress in the weld and ensure a strong 
and consistent fabrication.

2 � Materials and methods

The austenitic stainless steel used in this study was AISI 
304 in the form of pipe of 203.2 mm diameter and 3.75 mm 
thickness. The manual electric arc welding process GTAW 
was performed using ER308Si (AWS: A5.9) as a filler metal. 
It is widely used in industry, particularly the oil industry, 
designed for welding austenitic stainless steels. This type 
of filler metal contains more molybdenum and silicon than 
the base metal. This, together with their high nickel content 
and additions of copper, gives them very good resistance to 
intergranular corrosion and chloride-induced stress corro-
sion. Otherwise, the higher silicon content improves wet-
ting of the weld metal and potentially higher travel speeds 
compared to standard 308L products. The chemical compo-
sitions of the materials used are shown in Table 1. To evalu-
ate the microstructures and mechanical properties, changes 
after post heat treatment, several treatments were performed 
from 450, 650, 850, and 1050 °C, while maintaining these 
temperatures for 1 h using furnace of branch (Nabertherm 
MORE THAN HEAT-30–3000 °C, Germany), the speci-
mens were then quenched in water. The welding parameters 
used in this study are presented in Table 2.

Samples intended for metallographic observations taken 
from sections transverse to the welding direction of heat-
treated welded joints were prepared using conventional 
techniques for mechanical polishing, followed by 0.5 μm 
alumina powder and water polish for the purpose of obtain-
ing a mirror state. Then, the specimens were subjected to 
electrolytic etching in sulfuric acid solution (H2SO4 (5%)) 
at 4 V for 50 s. The microstructural evaluation of the weld 
joint for the different zones, namely, base metal (BM), heat 
affected zone (HAZ) and weld zone (WZ), was carried out 
before and after the PWHT using an optical and scanning 
electron microscope analysis. These are a light microscope 
(Nikon Eclipse LV100ND) and a ZEISS.EVO-MA 25 type 
equipped with microanalysis system (EDS), respectively. 
The grain size and phase ratio were measured with the 
help of image J software.

The X-ray diffraction (XRD) technique with 2θ scanning 
was used to evaluate the structure and phases present in the 
BM and WZ. The diffractometer used was a BRUKER D2 
PHASER 2G mark equipped with a copper (Cu) anticath-
ode delivering an X-ray wavelength of 1.5406 nm, an acqui-
sition step of 0.02°, a voltage V = 30 kV and an intensity 
I = 10 mA.
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Table 1   Chemical composition 
of base metal and filler wire

Chemical composition (wt%)

Material C Mn Si S P Cr Ni Mo Co Nb Cu Fe

Base metal
AISI 304

0.05 2.03 0.68 - 0.04 18.09 8.15 - 0.21 - 0.11 Bal

Filler wire
ER308Si

0.02 1.78 1.07 0.03 0.04 19.38 9.33 0.1 0.18 0.03 0.22 Bal

Table 2   GTAW welding parameters

Wire diameter 
(mm)

Welding  
current (A)

Welding  
voltage (V)

Welding speed 
(mm/mn)

Welding 
energy (kj/
mm)

Inter-pass 
temperature 
(°C)

Shielding gas 
(%)

Flow rate (l/
min)

Backing flow 
(l/min)

2.4 75–85 10–12 70–100 0.612–0.642 150 Ar99.999 12 10

Fig. 2   Weld joint: (a) visual 
appearance, (b) optical macro-
graph

Fig. 1   Dimensions of the tensile 
test specimen [19]
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Mechanical behavior was mainly evaluated by tensile 
test and micro-hardness profiles. The tensile test was 
performed at room temperature using an MTS Criterion 
Model 45 hydraulic test machine. Depending on the thick-
ness of the welded pipe, the tensile test was conducted on 
sub-sized specimens machined according to ASTM E8-04 
standard (Fig. 1) [19]. Micro-hardness distributions across 
welds were assessed using a Wilson VH3300 automatic 
hardness testing system with a 200-g loading force and a 
dwell time of 15 s.

3 � Results and discussion

3.1 � Macro‑examination

Figure 2a shows the visual appearance of the weld joint; 
there is a good weld with a regular width along the joint 
without any defect, which shows the importance of the weld-
ing process, welding parameters, the qualification of the 
welder, and finally the good weldability of austenitic stain-
less steel. Figure 2b presents the different zones constituting 
a weldment, which are as follows: the base metal (BM), the 
weld zone (WZ), and the heat affected zone (HAZ).

3.2 � Microstructure examination

Figure 3 shows the microstructure of the AISI 304 austenitic 
stainless steel base metal, consisting of equiaxed (coaxial) 
austenite grains of various sizes limited by grain boundaries. 
Twin crystals can be observed in the austenitic matrix (γ) 
with small amount of delta ferrite (δ) in grain boundaries. 
No carbide precipitate in the microstructure was found due 

to an appropriate annealing treatment after cold rolling [12, 
13, 20, 21].

The temperature reached for 304 austenitic stainless steel 
welds can be predicted from the pseudo binary phase dia-
gram of Fe–Cr–Ni (Fig. 4). The temperature in the weld 
zone exceeds 1450 °C. On other hand, the heat affected zone 
HAZ has reached the temperature range of 550–1200 °C. 
The solidification microstructures are different for differ-
ent cooling rates. During cooling of 304, the temperature 
that δ-ferrite begins to nucleate from liquid decreases with 
the increase of cooling rate. The cooling rate for quenched 
welds of the same thicknesses, same grades after PWHT 
at different temperatures depends on the temperature dif-
ference between the weldment and the cooling medium; 
the greater the difference, the faster the cooling [22, 23]. 
Several researchers have simulated the cooling rate during 
GTA welding and shown that the rate varies between 1.2 and 
1.5 °C/s. For heat treated welds water-quenched, the cooling 
rate depends on the temperature gradient, so as the tempera-
ture increases, for 450 to 1050 °C, the cooling rate increases. 
The cooling rate is estimated to be 200 to 600 °C/s [22–25].

The microstructures of base metal BM, fusion boundary, 
and heat-affected zone HAZ for all specimens, as-welded 
and heat-treated at 450, 650, 850, and 1050 °C for 1 h, are 
presented in the optical micrographs of Fig. 5. Following 
the effect of the welding heat input, the fusion zone of the 
as-welded is characterized by the rolling structure transform-
ing into dendritic-like grains. The austenite grain size of 

Fig. 3   Optical micrograph of 304 austenitic stainless steel base metal
Fig. 4   Pseudo binary phase diagram of Fe–Cr–Ni for 304 austenitic 
stainless steel [22, 24]
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Fig. 5   Optical micrographs in 
the fusion boundary and base 
metal of weldments: a, b as-
welded, c, d PWHT at 450 °C, 
e, f PWHT at 650 °C, g, h 
PWHT at 850 °C, i, j PWHT at 
1050 °C
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the HAZ increases with a polyhedral shape and a typical 
twinning [26–28]. Figure 6 shows a typical estimate of the 
grains size of the BM and the HAZ for different samples, as 
summarized in the Table 3. At PWHT of 450 °C, the micro-
structure of the BM becomes coarse (87.66 µm on average), 
but retains the same shape as the as-welded specimen which 
proves a grain size about 81.92 µm. At 650 °C, the micro-
structure undergoes partial recrystallization, and becomes 
less coarse (83.94 µm) with decreasing of the twin crystals 
rate [3, 29, 30]. In the 850 °C heat treatment, the grains are 
similarly equiaxed. It can also be observed that the grains do 
not show significant growth compared to those obtained at 
650 °C (84.29 µm), but still larger than those of the as-weld 
specimen with appearance of new small grains, characteris-
tic of a recrystallization mechanism. The size of the austen-
ite grains in the HAZ has been reduced enclosed between 
84.45 and 95.98 µm compared to the as-weld specimen 
(102.95 µm). This can be attributed to fast cooling during 
water quenching [12, 14, 31]. Finally at 1050 °C, there is an 
increase in the austenitic grains size of the BM (93.30 µm) 
and HAZ (108.53 µm) with a high rate of twins [30, 31].

Figure 7 presents the microstructure of the welded met-
als obtained from different specimens. It has a dendritic 

aspect of solidification; the austenite matrix (γ) contains 
delta ferrite dendrites (δ) characterized by a skeletal mor-
phology [7, 12, 13, 32]. The microstructures of the weld 
metal heat-treated at 450–1050 °C are similar to the as-weld 
microstructure; however, different dendrite shapes and sizes 
can be observed. The formation of a structure under a given 
morphology during solidification is determined by the G/R 
ratio (G is the temperature gradient and R is the cooling rate) 
[13]. Since the cooling conditions of the heat treated samples 
are the same, the only parameter affecting the microstructure 
is the temperature gradient. Cellular growth structures form 
rather than dendritic structure if G/R ratio is high [33–36]. 
In this respect, the morphological transition to the cell shape 
is expected in terms of interface evolution theory (the high 
temperature gradient can stabilize the solidification inter-
face). The phase boundary between austenite and delta fer-
rite is considered to migrate in favor of decreasing interfacial 
energy [14, 33]. The skeletal type delta ferrite changed from 
(columnar + equiaxed) to cellular type by progression dur-
ing heat treatment. The columnar morphology is attributed 
to the fast cooling on the base metal side. Consequently, 
the columnar form is the predominant type [36, 37], know-
ing that at 450 °C, it becomes (equiaxed + columnar), then 
purely equiaxed at 650 °C, and at 850 °C, it stabilizes at a 
finer equiaxed, and finally at 1050 °C, it is characterized by a 
cellular dendritic. As-welded delta ferrite dendrites were ini-
tially thin, and becomes thicker during heat treatment with-
out losing their total volume fraction (34%) [8, 14, 21, 38]. 

Fig. 6   Typical estimate of the grains size for all weldments in a BM and b HAZ

Table 3   Grains size of BM and HAZ for all specimens

Specimen Grains size BM (µm) Grains size 
HAZ (µm)

As-welded 81.92 102.95
450 °C 87.66 95.98
650 °C 83.94 95.73
850 °C 84.29 84.45
1050 °C 93.30 108.53

Table 4   Width of delta ferrite dendrites δ in the WZ for all specimens

Specimen As-welded 450 °C 650 °C 850 °C 1050 °C

Width (µm) 3.01 3.31 3.62 4.04 4.36
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Fig. 7   Optical and SEM micro-
graphs of the weld zone for all 
weldments: a, b as-welded, c, d 
PWHT at 450 °C, e, f PWHT at 
650 °C, g, h PWHT at 850 °C, 
i, j PWHT at 1050 °C
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Figure 8 shows a typical estimate of the average width of 
delta ferrite dendrites δ in the WZ for all specimens, which 
are summarized in Table 4.

3.3 � XRD and EDS analysis

Figure 9 presents the results of the X-ray diffraction test 
in the base metal and weld zone for all samples. As can 
be observed, XRD diffractograms only confirmed the pres-
ence of austenite, whereas ferrite and chromium carbide or 
σ phases were not observed. EDS line test was performed 
since XRD test could not detect phases such as σ phase or 
chromium carbide in the phase percentages of less than 5% 
[14, 22, 25]. Figure 10 shows the results related to EDS line 
in the different zone of weldments. As can be seen in Fig. 10, 
there was no unusual accumulation of elements along the 
line, suggesting the absence of formation intermetallic 

compounds. Based on the chemical composition of the mate-
rials, base metal 304, and filler metal ER308Si, Cr, Ni, and 
Mo amounts were no increased and the amount of Fe was not 
reduced along the fusion line. As a result, the formation of 
chromium carbide at the interface was not observed.

When the austenitic stainless steel is maintained at tem-
peratures between 500 and 900 °C, precipitation of chro-
mium carbides occurs at the grain boundaries. And during 
welding, the heat affected zone HAZ, which has reached 
the temperature range of 550–850  °C, is the area most 
susceptible to such precipitates. Also, time is an essential 
parameter contributing to chromium carbide precipitation, 
as shown in Fig. 11. The chromium carbide could be dis-
solved in heat treatment between 1040 and 1150 °C, and 
go into solid solution [31, 39]. To avoid chromium carbide 
formation in the critical temperature range, the cooling must 
be rapid [7, 22, 40]. For this reason, the sample treated at 

Fig. 8   Typical estimate of average width of delta ferrite dendrites δ in the WZ for all weld specimens: a PWHT at 450 °C, b PWHT at 1050 °C

Fig. 9   X-ray diffraction difractograms of the all weldments in the a base metal BM and b weld zone WZ
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Fig. 10   Elements scanning result on the weld fusion line in a as-welded, b PWHT at 450 °C, c PWHT at 650 °C, d PWHT at 850 °C, e PWHT 
at 1050 °C
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a temperature of 1050 °C did not show any precipitation. 
To confirm the above assumptions, EDS analysis in the 
HAZ was performed for the different weldments (Fig. 12). 
We observe the absence of precipitates and the presence of 
traces of manganese oxide in the as welded and PWHT at 
1050 °C samples.

3.4 � Mechanical properties

3.4.1 � Tensile testing

It can be clearly seen that the tensile fractures of the five 
specimens are located at the base metal as shown in the 
fracture path of Fig. 13. This demonstrated that welding 
conditions and heat treatment temperatures applied to all 
specimens were appropriate.

Figure 14 illustrates the stress–strain curves of the as-
welded and PWHT joints. The detailed values of yield 
strength and ultimate tensile strength are summarized in 
Table 5. The results show that the highest tensile strength 
value were those recorded for the as-welded specimen with 
a maximum ultimate tensile strength of 672.4 MPa and a 
maximum yield strength of 290 MPa. Moreover, the tensile 
and yield values of the PWHT specimens are very close, 
which proves that the PWHT temperature has low impact on 
tensile strengths. On the other hand, with increasing PWHT 
temperatures, the elongation of the specimens improved 
in particular at 450 and 650 °C, the values 19.027% and 
20.713% are recorded respectively which is due to reduction 

of the residual stress and twin crystals rate in the specimens 
except at 850 °C where a lower value is recorded due to 
the more particular structural changes of the HAZ and the 
base metal, which becomes fine equiaxed [39]. Finally, the 
specimens at 1050 °C showed lower tensile strength than the 
as-weld specimen, and an elongation close to that of heat-
treated specimens [14]. We can conclude that these changes 
in mechanical behavior can be proved based on the micro-
structural changes during heat treatment [41].

SEM micrographs of the fracture surfaces of all speci-
mens show ductile fracture with fine and coarse dimples 
(Fig. 15) [39, 42]. The as-weld fracture surface shows small 
dimples usually surrounded by large and deep ones. At 
450 °C, it includes a combination of deep and wide dimples. 
At 650 °C, it consists of fine and uniform dimples, which 
indicates a strong plasticity. At 850 °C, dimples become 
larger and shallower, indicating that the plasticity of the 
joint becomes poorer, which is consistent with the elonga-
tion results [16, 43]. Also, it can be seen that the number of 
micro-voids increased. Compared to the as-weld fracture, 
dimples in the joint heat treated at 1050 °C are of medium 
sizes and shallow with some large dimples [13].

3.4.2 � Micro‑hardness testing

The micro-hardness profiles of the five specimens are illus-
trated in Fig. 16. Clearly, all the weld zones (WZs) exhibited 
lower micro-hardness values (about 135–165 HV) relative to 
the base metal BM and heat affected zone HAZ. This is due 
to the high delta ferrite content in the weld zone [14, 44]. 
In addition, it is clearly observed that the micro-hardness 
value of the weld metal compared to the as-welded sam-
ples decreases up to a heat treatment temperature of 650 °C 
and increases starting from 850 °C [14]. The HAZ presents 
similar micro-hardness values for all samples and slightly 
higher than that of the base metal except for the weld heat 
treated at 850 °C. The latter exhibits high micro-hardness 
values (about 210 HV) due to the accordance of the grain 
refinement. The sample heat treated at 1050 °C presents the 
best and stable micro-hardness profile similar to that of the 
as-weld specimen but with high values in the weld zone. 
It was also found that the heat treated weldment at 650 °C 
showed the highest micro-hardness of base metal (about 190 
HV) due to the high content of twins [41, 44]. According to 
the micro-hardness profile, it is confirmed that the rupture 
of all tensile specimens appeared at the level of HAZ except 
for the specimen heat treated at 650 °C which presented a 
rupture in the BM.

Fig. 11   Isothermal precipitation diagram for 304 austenitic stainless 
steel [7, 22, 40]
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Fig. 12   Elements line scanning result of weldments in a as-welded, b PWHT at 450 °C, c PWHT at 650 °C, d PWHT at 850 °C, e PWHT at 
1050 °C
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Fig. 13   Tensile tested samples 
in as-received and various heat 
treatment conditions

Fig. 14   The result of strength test for the as-welded and heat treated specimens

8182 The International Journal of Advanced Manufacturing Technology (2022) 121:8171–8186



1 3

Table 5   Tensile properties of as welded and heat treated specimens

Specimen Ultimate tensile 
strength (MPa)

Yield strength 
0.2% (MPa)

Elongation (%)

As-welded 672.4 290 17.526
450 °C 599.9 284 19.027
650 °C 610.9 250 20.713
850 °C 555.6 225 17.409
1050 °C 582.4 260 17.767

Fig. 15   SEM micrograph of the 
tensile fractured of the speci-
mens: a as-welded, b PWHT at 
450 °C, c PWHT at 650 °C, d 
PWHT at 850 °C, e PWHT at 
1050 °C
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4 � Conclusion

On the basis of present work, the major outcomes are given 
below:

(1)	 The BM grains size increased, and the twin crystals 
rate decreased with increasing heat treatment tempera-
ture up to 850 °C. At this later, the grains are similarly 
equiaxed with appearance of new small grains. The size 
of the austenite grains is enclosed between 83.94 and 
87.66 µm, which is not much modified compared to the 
as-welded sample (81.92 µm). However, at 1050 °C, 
there is a significant increase in the austenitic grains 
size (93.30 µm).

(2)	 The HAZ grains size decreased with increasing heat 
treatment temperature up to 850 °C (84.45–95.98 µm) 
compared to the as-welded sample (102.95 µm). How-
ever, at 1050 °C, there is an increase in the austenitic 
grains size (108.53 µm).

(3)	 X-ray diffraction and energy-dispersive spectroscopy 
techniques revealed the non-existence of intermetallic 
phases as σ or chromium carbide.

(4)	 The PWHT temperature has low impact on the ten-
sile strengths but improves the elongation of the weld-

ments. This can clearly be seen for the specimen treated 
at 650 °C, and which shows a better ductility.

(5)	 The micro-hardness for all the weld zones (WZs) exhib-
ited lower values compared to the base metal (BM) and 
heat affected zone (HAZ).

(6)	 The PWHT at 1050 °C presents the best and stable 
micro-hardness profile, similar to that of the as-weld 
specimen but with higher values in the weld zone. Oth-
erwise, the PWHT at 650 and 850 °C should be avoided 
due to the non-homogeneous micro-hardness profile.

(7)	 Based upon the present study, it is suggested that the 
microstructural changes always play a significant role 
in determining the mechanical properties of the weld-
ment and can be improved by varying the temperature 
or time of the post-weld heat treatment.
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