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Abstract

The subject of investigation was the effect of post-weld heat treatment (PWHT) on mech-
anical properties, hardness distribution across the welded joints, and on the microstructure of
AISI 316L austenitic stainless steel weld metal. Steel plates of 15 mm thickness were welded
by manual electric arc welding and treated at 600-900°C. The tensile strength increased and
impact energy values decreased with the increasing annealing temperature. The hardness test
results for the weld metal, which were approximately equal before PWHT and after it, were
higher than those for the base metal and the heat-affected zone. The weld metal microstruc-
ture was examined by means of an optical microscope and a scanning electron microscope. It
demonstrated the presence of austenite, ferrite and microslag inclusions before PWHT, and
that of sigma phase after PWHT. Also, the presence of complex Mn-Cr-Si-Ti inclusions in
small holes was observed in tensile and impact (Charpy) tested specimens.

Key words: austenitic stainless steel, welding, mechanical properties, microstructure,

sigma phase

1. Introduction

Since their introduction in the early 1900’s austen-
itic stainless steels have assumed an important role
in the modern world [1]. Their continuing develop-
ment has generated complex steel compositions with
substantial amounts of alloying elements. Austenitic
stainless steels constitute the largest stainless steel
family in terms of alloy type and usage. More than
half of those in use are types AISI 304 and 316, that
is their low-carbon grades AISI 304L and 316L [2]. In-
troduction of molybdenum in AISI 316L was intended
primarily to improve resistance against pitting corro-
sion and creep resistance at elevated temperatures. As
construction materials, austenitic stainless steels have
found a wide range of applications. They are used at
temperatures, which range from the cryogenic, where
they exhibit high toughness, to elevated temperatures,
where they exhibit good oxidation resistance. Owing
to their mechanical properties and excellent corrosion
resistance they are often used in the food industry,
in chemical, petrochemical and oil industries, in bio-
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medicine, for marine purposes, i.e. wherever exposure
to corrosion media is involved [1]. Besides acceptable
yield strength and tensile strength austenitic stainless
steels are characterized by high impact energy and
relatively low hardness. When considering the opera-
tional performance of austenitic stainless steel weld-
ments, the most important points to be taken into ac-
count are corrosion resistance, weld metal mechanical
properties and the integrity of the welded joint.
Austenitic steels may undergo microstructural
changes in the course of the welding process or when
they are exposed to elevated temperature for a shorter
or longer period of time [3]. Microstructural vari-
ations caused by welding and post-weld heat treat-
ment (PWHT) are responsible for changes in the
mechanical properties and corrosion resistance of wel-
ded joints [4, 5]. The knowledge of critical cooling rates
is especially important if undesirable phase transform-
ations are to be avoided. Three intermetallic phases
most frequently encountered in austenitic stainless
steels are sigma phase, chi phase and Laves phase
[6-8]. For welding purposes it is therefore important
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Table 1. Chemical composition of the base metal (wt.%)

C Mn Si Cu A4 Mo Al

Cr Ni W Ti Co Nb

0.026 1.49 0.45 0.35 0.060 2.04

0.008

16.75 10.80 0.066 0.081 0.20 0.016

to take into consideration the weld metal ferrite con-
tent, vermicular and lathy. At 475°C delta ferrite will
undergo transformation and segregate into ferromag-
netic delta ferrite and paramagnetic delta ferrite. At
higher temperatures (550-900°C) ferrite may trans-
form to a hard and brittle sigma phase, and reduce
impact energy, ductility and corrosion resistance [6,
9]. The volume fraction of sigma phase will increase
with the length of heat treatment [3, 10]. By heating
at 1040-1090°C and rapid cooling sigma phase can be
removed, but the procedure is not always applicable
in practice.

The precipitation mechanism has been the subject
of many investigations motivated by the detrimental
effects of the precipitated phases on impact energy
and corrosion resistance of steels [2, 11-13]. Padilha
et al. [2, 11] and Sourmail [12] reported the precipit-
ation of carbides (M23Cg, MC, MgC, M7C3), primary
nitrides (MN, M = Zr, Ti, Nb, and V), and second-
ary nitrides (MaN, M = Cr, Fe) in austenitic stainless
steels during thermal treatment (annealing) and weld-
ing. Carbide precipitation is a phenomenon that can
reduce corrosion resistance of stainless steel. It will de-
pend upon two factors: the temperature and the car-
bon content. The temperature in the range from 550
to 900°C allows chromium to diffuse away from the
grain boundaries and to form carbides. The precipit-
ation stages in the heat treatment of 316L austenitic
stainless steel were also investigated by Wasnik et al.
[13].

During use of stainless steels for chemical and pet-
rochemical facilities unexpected fractures can often
appear. For this reason it is necessary to be acquainted
with fractographic analysis of fracture surfaces after
tensile and impact energy of welded joint. Sevc et al.
[14] investigated fracture surfaces of 19Cr-13Ni aus-
tenitic stainless steel after holding at elevated temper-
atures. On fracture surfaces two types of facets were
observed: intergranular zones with dimple morphology
and transgranular cleavage zones.

The importance of microstructural investigations
of weld and base metals after welding and PWHT
needs to be emphasized. As most mechanical, phys-
ical and chemical properties are determined by micro-
structure, it is very important to characterize the mi-
crostructures obtained during production and treating
of austenitic stainless steel. This work is focussed on
the effect of annealing temperature on the mechanical
and microstructural properties. Among the principal
aims of the work were established mechanisms of oc-
currence of intermetallic sigma phase, and determined

how mechanical properties and impact energy of aus-
tenitic stainless steel AISI 316L weld metal were af-
fected by precipitation of sigma phase. The objective
of the study was also to find correlation between delta
ferrite decomposition ratio and sigma phase forma-
tion. On the other hand, interpretation of the fracture
mechanism can provide valuable evidence for the cause
of failure.

2. Experimental

Plates of 15 mm thickness, made from AISI 316L
austenitic stainless steel (Table 1) were prepared as
V-joints by manual electric arc welding using Bohler
FOX SAS-4A electrodes. To ensure the quality of weld
the edges were thoroughly cleaned. For root welding a
solid electrode 2.5 mm in diameter was used while fil-
let welding was carried out with a 3.25 mm electrode.
Immediately after welding the welded joint was sub-
jected to PWHT at 600-900 °C for two hours, and was
then cooled in the air.

For hardness and microstructure testing samples
were cut out from the base metal and the welded
plate. Sections of the welded joint 25 mm in length
(cross-section 15 x 15mm?) with the weld metal in
the middle were cut out from the welded plate and
mechanically polished. Electrolytic etching was car-
ried out with various etchants. To expose austenite
boundaries 60 ml HNO3 and 40 ml water solution at
1V dc for 20 s was used. Sigma phase and ferrite solu-
tion were identified with 56 g KOH in 100 ml water at
2V dc for 10s.

Hardness was measured by the Vickers test at 30 kg
load across the welded joint. For microhardness meas-
urement the same method was applied, at 1kg load,
using a Leica VMHT device.

Impact tests were performed on Charpy V-notch
specimens (10 x 10 x 55 mm?) at room temperature.
A V-notch of 2 mm depth was machined in the middle
of a weld metal sample. Tensile testing was carried out
at room temperature with an Instron tensile machine,
type 1196, on both unwelded and welded specimens.
The weld metal was positioned in the middle of the
gauge measure.

The delta ferrite content of base and weld metals
was measured using a ferritscope. This method takes
advantage of the fact that ferrite is magnetic while
austenite is not.

For microstructure examination an optical micro-
scope and a scanning electron microscope (SEM)
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Table 2. Mechanical properties of the base and weld metals before PWHT, tested at room temperature

Yield strength

Tensile strength

Reduction of area Impact energy

(N mm"2) (Nmm2) (%) (3)
Base metal 270.7 75.1 238.3
Standard deviation 15.06 1.47 4.03
Weld metal - 52.1 83.3
Standard deviation - 20.22 1.70

Table 3. Mechanical properties of the weld metal after PWHT at various temperatures, tested at room temperature

Temperature Tensile strength

Reduction of area Impact energy

of annealing (°C) (N mm~?) (%) J)
600 819.3 41.1 69.3
Standard deviation 14.61 3.83 4.11
700 835.0 34.9 43.3
Standard deviation 18.8 2.97 6.18
800 836.0 9.1 7.3
Standard deviation 9.33 3.42 1.89
900 791.0 11.6 8.0
Standard deviation 21.77 0.06 0.82
equipped with a unit for energy dispersive X-ray 80
(EDX) spectroscopy were used. —~ 70
Fracture surface testing was carried out on samples 2
after tensile and impact testing. The SEM and EDX > 60
methods were applied to examine the weld fracture 2 50 -
surface and to determine the effect of microstructure 2
on fracture. o 40
® 301
£
3. Results and discussion £ 20+
10
From the results of this investigation it was pos- 0

sible to establish a correlation between the mechanical
properties of the weld metal and its microstructural
features at various annealing temperatures.

Tables 2 and 3 show the results of tensile testing for
base and weld metals, along with standard deviations.
The values are given as means of three determinations.
The tensile strength of the weld metal was higher than
that of the base metal. The area reduction for the weld
metal decreased with a rise in the annealing temperat-
ure. The impact energy of the weld metal remarkably
decreased with the increasing annealing temperature
(Fig. 1). The most likely reason for this was precip-
itation of sigma phase. The role of sigma phase is to
improve strength and reduce plasticity and toughness.

Tables 4 and 5 present the hardness test results for
base and weld metals before and after PWHT. Figure

600 700 800 900
Temperature (°C)

Fig. 1. Effect of annealing temperature on tensile strength
(a), area reduction (b) and impact energy (c) of the weld
metal.

2 shows Vickers hardness (a) and microhardness (b)
distribution in the welded parts after welding and after
PWHT at 800°C. The hardness values after PWHT
were negligibly lower than microhardness values. The
hardness values of the weld metal were higher (Fig. 3),
and of the base metal lower (Table 4) than those of the
HAZ. The remarkably higher hardness values for the
weld metal could be accounted for its chromium con-
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Fig. 2. Distribution of Vickers hardness HV3o (a) and mi-
crohardness HV; (b) of welded parts after welding and
after PWHT.

tent of about 19.0 wt.% (Table 6), which was higher
than in the base metal (Table 1). The elevated chro-
mium content in the weld metal, along with the pres-
ence of niobium, has been reported to increase steel
hardenability [1]. This is in agreement with the res-
ults of Ohkubo et al. [15] who investigated the effect
of alloying elements on the mechanical properties of
austenitic stainless steel. Increased weld metal hard-
ness could also be due to the heat input from welding,
melting and solidification of the area.

Measurements of hardness distribution in the weld
metal before PWHT and after it failed to show a signi-
ficant difference. The average hardness was 224 HV 3
before PWHT, and from 232 to 241 HV3q after an-
nealing. After PWHT hardness values diminished for
both the base metal and the HAZ. This could be at-

300
(a)
82504 WM o
% [ AL O @ E— ¢
w
@ 200 4 HAZ
[
°
£ 150 -
100

600 700 800 900
Temperature (°C)

Microhardness, HV,

100 T T
600 700 800 900

Temperature (°C)

Fig. 3. Effect of annealing temperature on hardness (a)
and microhardness (b) of the base metal (BM), the heat-
-affected zone (HAZ) and the weld metal (WM).

tributed to a lower stress level and to a change in
microstructure.

The microstructure that evolves in a weldment is
heterogeneous owing to the temperature gradient as-
sociated with the welding process and the chemical
gradient, which is generated during that process. Once
the peak temperatures have been attained, the sub-
sequent cooling rates will decrease with the increas-
ing distance from the fusion boundary, leading to the
formation of various non-equilibrium microstructures.

Table 4. Hardness test results for the base and weld metals before PWHT

Hardness HV3g

Microhardness HV4

BM HAZ WM BM HAZ WM
Base metal 167.3 - - 154.8 - -
Standard deviation 2.49 - - 4.87 - -
Weld metal 167.3 192.8 224.2 154.8 201.7 239.3
Standard deviation 2.49 7.40 6.10 4.87 4.99 13.17
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Table 5. Hardness test results for the base and weld metals after PWHT

Hardness HV3g

Microhardness HV1

Temperature of annealing

(°C) BM HAZ WM BM HAZ WM
600 164.3 189.5 240.9 153.9 194.9 239.8
Standard deviation 0.95 5.89 8.96 2.21 9.66 10.88
700 155.6 173.6 233.7 168.0 177.6 241.0
Standard deviation 0.95 8.90 9.19 9.22 8.00 16.78
800 152.3 165.3 241.5 165.7 174.1 254.8
Standard deviation 2.06 8.52 6.50 3.07 7.52 13.58
900 153.3 166.2 232.2 167.4 172.0 244.6
Standard deviation 2.36 7.30 5.57 14.4 7.21 9.92

Table 6. Chemical composition of the weld metal (wt.%)

C Mn Si Cu A4 Mo Al

Cr Ni W Ti Co Nb

0.024 0.85 0.74 0.11 0.074 2.44

0.004

19.15 10.86 0.048 0.009 0.095 0.289
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Fig. 4. Optical micrograph of AISI 316L stainless steel base
metal.

As a result of microstructural inhomogeneity gradi-
ents in mechanical properties may become noticeable
across the weldment.

Ideally, austenitic stainless steels will exhibit a
single phase that is maintained over a wide temper-
ature range. However, a fully austenitic microstruc-
ture is more crack sensitive than the one containing a
small amount of ferrite. Figure 4 shows an austenitic
polygonal grain of AISI 316L stainless steel base metal
with a low delta ferrite content. Grain size was 7.58,
and average grain area 679 um? with 1496 grains/unit
area. Stringers of delta ferrite can be seen elongated in
the rolling direction. Phase transformations in austen-
itic stainless steels can be determined with the help of
chromium and nickel equivalencies [16].

For AISI 316L austenitic stainless steel base metal
used in this work, the Creq/Nieq ratio was 1.59. The
final microstructure, according to Schaeffler diagram
[16], consisted of austenite and about 5 % delta ferrite.
The latter corresponded to the measured delta ferrite
content of 3.4 %. The amount of ferrite that formed in
the base metal microstructure was sensitive to small
changes in the cooling rate. It is generally held that
a 4-8 % delta ferrite content in the base metal is an
effective means of offsetting a grain boundary weak-
ness that develops in austenite at high temperatures
and leads to fissuring. The ferrite ability to reduce hot
cracking is attributed to the prevention of segregation
of low-melting constituents such as sulphur and phos-
phorus to the interdendritic areas. However, high fer-
rite has been reported to reduce corrosion resistance
drastically, and to promote high-temperature embrit-
tlement [17]. In the case of 316L stainless steel, elev-
ated C, Mn, Ni, and N concentrations were responsible
for the low ferrite number proving to be strong aus-
tenite stabilizers. The elements Cr, Si and Mo, on the
other hand, are known as strong ferrite stabilizers and
increase the ferrite number.

In this work the base metal microstructure differed
from the microstructure of the weld metal (Fig. 5).
According to [18, 19], for commercial 300-series stain-
less steels the weld metal solidification mode can be
determined from the Creq/Nieq ratio. In our case
(Table 3) Creq/Nieq = 1.91, solidification mode FA
(1.48 < Creq/Nigq < 1.95). As is well known, the so-
lidification behaviour of stainless steel weld metal can
be classified into four solidification modes (A, AF, FA,
and F) according to its general microstructure and
delta ferrite morphology. In the case of A mode, the
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Fig. 5. Optical micrograph of AISI 316L stainless steel weld
metal before PWHT (a) and after PWHT at 800°C (b).

weld metal completely solidifies to austenite. In AF
mode, austenite is the leading phase and delta ferrite,
if any, solidifies intergranularly from the rest melt. On
the other hand, in FA mode welds delta ferrite is the
leading phase and austenite solidifies from the rest
melt. At lower temperature the majority of ferrite is
transformed to austenite by an equiaxial or acicular
mechanism, depending on the supercooling of delta
ferrite. In F mode, the weld metal solidifies completely
to delta ferrite, and austenite is precipitated from the
solid ferrite at lower temperatures.

The delta ferrite content in the weld metal plays an
important role in determining the fabrication and ser-
vice performance of the welded structures. The ferrite
morphology will depend on the weld section viewed.
David [20] observed four distinct types of ferrite mor-
phology in AISI 308 stainless steel with a delta ferrite
content from 9 to 15 %: vermicular, lacy, acicular and
globular. Variations in ferrite morphology are related
to the weld metal composition, ferrite content, and fer-
rite distribution as a result of thermal cycling during
subsequent weld passes. For selection of filler metals
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Fig. 6. SEM micrograph of AISI 316L stainless steel weld
metal before PWHT: a) basic view, b) detail, ¢) EDX spec-
trum of the microslag inclusion.

estimates of the ferrite content are normally made us-
ing Schaeffler diagram. According to the diagram and
the weld metal Creq/Nieq ratio, the delta ferrite con-
tent in this work was about 16 %. Measured with a
ferritscope it was 14.2 %. Elevated ferrite content in
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Fig. 7. SEM micrograph of AISI 316L stainless steel weld
metal after PWHT at 800°C: a) basic view, b) detail, ¢)
EDX spectrum of the sigma phase.

the weld metal poses the risk of enhancing formation
of sigma phase at elevated temperature. The presence
of sigma phase in the weld metal before PWHT was
not observed (Fig. 6).

Figure 6 is a scanning electron micrograph of the

weld metal before PWHT. In Fig. 6a a complex mi-
croslag inclusion can be seen. During tensile testing,
the impurity particles fractured or broke off. The weld
metal microstructure before PWHT consists of aus-
tenite and ferrite (Fig. 6b). In the microstructure
sporadically were observed complex microslag inclu-
sions and the EDX spectrometry showed manganese,
silicon, titanium and chromium to be dominant ele-
ments in the inclusions (Fig. 6¢). In Table 7 the EDX
results are presented in the quantitative form. The
nickel content was higher in austenite because nickel
acted as its stabilizer. In contrast, chromium content
was higher in ferrite.

The weld metal microstructure after PWHT con-
sisted of austenite grains with sigma phase particles
(Fig. 7). Sigma phase is a well-known intermetallic
phase, which forms in the Fe-Cr system between 550
and 900°C. As seen in Fig. 7a, and in more detail
in Fig. 7b, sigma phase particles were observed at
ferrite/austenite grain boundaries. The sigma phase
morphology was usually equiaxed. The presence of
sigma precipitates in microstructure can lead to de-
gradation of corrosion resistance, localized stresses at
the interfaces between sigma particles and the mat-
rix, altered crack propagation behaviour, and reduced
fracture toughness. As shown by EDX analysis, iron,
chromium and nickel were dominant elements in sigma
phase (Fig. 7c¢). In this work the sigma phase com-
position was 65-67 % Fe, 22-26 % Cr, 5-7 % Ni and
about 1 % Mo. It was slightly different from the typical
sigma phase composition of AIST 316 or 316L austen-
itic stainless steels (in wt.%), which is 55 % Fe, 29 %
Cr, 11 % Mo and 5 % Ni [2]. In contrast, Domankova
et al. [8] suggested the following sigma phase compos-
ition in AISI 316 after ageing at 800°C: 5661 % Fe,
21-26 % Cr, 12-21 % Mo and 1-5 % Ni. As the sigma
phase composition tends to vary it is difficult to define
it by a formula. Sigma phase precipitation tends to de-
plete the adjacent matrix of chromium. The presence
of the chromium-depleted zones, which are possible
points for pitting, can enhance embrittlement in pit-
ting resistance. After heat treatment the precipitation
of brittle sigma phase produced a considerable drop
in impact energy values (Table 3).

The mechanism of sigma phase nucleation is still
a matter of controversy and depends on the amount
of delta ferrite. The delta ferrite content in the weld
metal decreased with the increasing annealing tem-
perature (Table 8). Its transformation was calculated
from the values measured before heat treatment and
after it. The ratio of delta ferrite decomposition in the
weld metal was highly dependent on increase in the
annealing temperature. The delta ferrite decomposi-
tion ratios in samples annealed at 600, 700, 800, and
900°C were 17.6, 43.6, 93.7, and 96.5 %, respectively.
Transformation of vermicular and lathy delta ferrite
into sigma phase was a function of the chemical com-
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Table 7. Results of EDX analysis of different position in weld metal before PWHT (wt.%)

Position C (0] Al Si K Ti Cr Mn Fe Mo Ni
Inclusion - 3.92 2.31 19.58 1.50 18.39 8.39 37.01 1.68 3.01 -
Ferrite 1.67 - - - - - 22.10 0.81 65.28 2.96 6.54

Austenite 1.62 -

- 17.47 0.75 66.63 1.64 11.27

Table 8. Delta ferrite content in the base and weld metals after PWHT (wt.%)

Temperature of annealing (°C) 600 700 800 900
d-ferrite in base metal (%) 2.6 1.2 0.4 0.7
d-ferrite in weld metal (%) 11.7 8.0 0.9 0.5

Table 9. Chemical composition of Mn-Cr-Si-Ti inclusions shown in Figs. 10 and 11 (wt.%)

Position (0] Al Si Mo Ti Cr Mn Fe Ni
Inclusion 1 2.9 1.1 19.3 1.2 12.4 20.8 37.8 3.6 —
Inclusion 2 1.7 1.3 17.2 1.5 4.9 9.6 54.5 7.9 1.1

Fig. 8. SEM microfractograph of AISI 316L austenitic
stainless steel weld metal after Charpy impact testing. DF
— ductile fracture, CF — cleavage fracture.

position of the weld metal. Barcik [21] claimed that
the kinetics of sigma phase precipitation was governed
by the rate of diffusion of chromium and other sigma-
forming elements. In this work the sigma precipitation
rate was enhanced as the result of the PWHT temper-
ature. Wegrzyn et al. [22] who investigated the effect
of alloying elements on sigma phase formation in 18-8
weld metals reported that the weld metal containing
high molybdenum was most prone to forming sigma
phase from delta ferrite and that ferrite transforma-
tion to sigma phase was highest at about 750°C. Next
came silicon, tungsten, vanadium, and niobium in di-
minishing order. Copper, on the other hand, acted by
delaying delta ferrite transformation to sigma phase.

Fig. 9. SEM microfractograph of AISI 316L austenitic
stainless steel weld metal after tensile testing: a) basic
view, b) detail. Specimens annealed at 600 °C.
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Fig. 10. SEM microfractograph of AISI 316L austenitic

stainless steel weld metal after tensile testing: a) basic

view, b) detail, ¢) EDX spectrum of complex Mn-Cr-Si-
-Ti inclusion. Specimens annealed at 800 °C.

According to the investigation into the kinetics of
delta ferrite transformation in type 316 stainless steel
weld metal by Mudali et al. [5] almost 70 % of ferrite
transformation was complete at 750°C/0.5 h, sigma

precipitation having already taken place in ferrite
particles. A continuous ferrite network was broken and
the secondary dendrite arms had undergone spheroid-
ization. The kinetics of precipitation at 850°C was
very rapid and a ferrite transformation of about 90 %
was observed at 0.5 h. This transformation increased
with ageing. Ageing up to 100 h showed the forma-
tion of a blocky sigma phase inside delta ferrite cores.
Sourmail et al. [23] observed a slower rate of sigma
phase formation in AISI 316 than in AISI 347, and an
increase with ageing at 700°C.

It is well known that fractography directly de-
scribes the fracture process and provides valuable
evidence for the cause of failure [14, 24]. In this work
we investigated the fracture surface of austenitic stain-
less steel after tensile and impact testing. Two dis-
tinct fracture modes were observed, a ductile frac-
ture (Figs. 8, left, and 9) and a cleavage fracture
with a small number of dimples (Fig. 8, right). The
ductile fracture was characterized by void nucleation,
growth and coalescence. At the annealing temperat-
ure of 800°C the fracture surface of the weld metal
revealed primarily a cleavage fracture in both tensile
and impact tested specimens (Figs. 10a,b and 11a).
On the microfractograph a number of inclusions in
small holes can also be observed. The EDX analysis
demonstrated the presence of complex Mn-Cr-Si-Ti in-
clusions of different composition (Figs. 10c and 11b,
Table 9).

4. Conclusions

Results of investigation into the properties of high-
-alloyed AISI 316L austenitic stainless steel before
PWHT and after it allow drawing the following con-
clusions:

1. The tensile strength of the weld metal was higher
than that of the base metal. The area reduction for
the weld metal decreased with the increasing anneal-
ing temperature. The impact energy values drastically
decreased with the increasing annealing temperature.

2. The hardness and microhardness test results for
the weld metal were remarkably higher than those for
the base metal. The hardness values of the weld metal
varied insignificantly before PWHT and after it. After
PWHT they were lower for both the base metal and
the HAZ.

3. The base metal consisted mainly of polygonal
austenite grains and a small amount of delta ferrite.
The delta ferrite content was 3.4 % as compared to
14.2 % in the weld metal. The delta ferrite content
decreased with the increasing annealing temperature.

4. The ratio of the delta ferrite decomposition in
the weld metal was highly dependent on increase in the
annealing temperature. It was increased from 17.6 %

at 600°C to 96.5 % at 900°C.
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Fig. 11. SEM microfractograph of AISI 316L austenitic

stainless steel weld metal after Charpy impact testing (a)

and EDX spectrum of complex Mn-Cr-Si-Ti inclusion (b).
Specimens annealed at 800 °C.

5. Before PWHT the weld metal microstructure
consisted of austenite and ferrite. Also, in the mi-
crostructure sporadically were observed complex mi-
croslag inclusions. The EDX analysis showed man-
ganese, silicon, titanium and chromium to be dom-
inant elements in the inclusions.

6. EDX analysis of the weld metal after PWHT
showed the presence of sigma phase at ferrite/auste-
nite grain boundaries as a result of delta ferrite trans-
formation at elevated temperature. The sigma phase
composition was 65-67 % Fe, 22-26 % Cr, 5-7 % Ni
and about 1 % Mo. This was considered to be adverse
to impact energy.

7. Two distinct fracture modes were observed,
ductile fracture and cleavage fracture. The EDX ana-
lysis demonstrated the presence of complex Mn-Cr-Si-
-Ti inclusions in both tensile and impact tested speci-
mens.
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