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Abstract Thick section of cold-rolled austenite stainless steel AISI 316 is widely
used in heat exchangers, jet engines, furnace parts, exhaust manifolds, fast breeder
test rector, etc., because of its high strength, corrosion, and pitting resistance proper-
ties at high working temperature 400–550 °C approximately. Electron beam welding
is considered as highly efficient welding process in order to achieve high-quality
welds with low heat-affected zone. In this paper, single-pass narrow gap square butt
welding of 18-mm-thick plates using electron beam welding at constant accelerating
voltage 150 kV, beam current 90 mA, welding travel speed 600 mm/min, and beam
oscillation in circular pattern was investigated. The impact toughness and metallur-
gical properties in as-welded condition and after imparting post-weld thermal aging
(PWTA) at 750 °C for 24 hwere also investigated in this piece of work. The full pene-
tration had been achieved in single pass by optimizing the relationship betweenweld-
ing parameters (beam accelerating voltage, beam current, welding travel speed, and
beam oscillation). The results showed that welding of plates without filler metal leads
to defect-free welds. The average impact toughness conducted by Charpy impact test
at cryogenic temperature (−40 °C) in as-welded samples was recorded as 284 J, and
after aged at 750 °C for 24 h it reduced to 180 J.
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Introduction

AISI 316 austenitic stainless steel (SS) is widely used in nuclear power plants, heat
exchangers, and fast breeder test reactors [1] as structural materials. The preference
of this alloy is due to its high-temperature tensile strength, fatigue strength along
with excellent fracture toughness in combination with excellent weldability and fab-
ricability. The joining of 316-type austenitic stainless steel by welding processes and
its exposure to harsh environment can be the cause of the formation of various phases
which can affect its properties significantly. Raghunathan et al. [2] reported that AISI
316 SS when heat-treated between the temperature range of 900 and 1100 °C, the
ferrite content of the weld decreases with increase in aging time. Moreover, the den-
dritic morphology of ferrite phase tried to break up and spheroidize. Kar et al. [3]
investigated that electron beam (EB)-welded joints possessed similar tensile prop-
erties at room temperature and at 700 °C irrespective of being prepared with beam
oscillation or non-oscillating beam. Dutt et al. [4] concluded that resistance to crack
initiation of 316(N) welds decreased when aged at 370, 475, and 550 °C for 20,000 h.
The Charpy energy values decreased when aged at 475 °C for 20,000 h. The embrit-
tlement of the welds occurred at 370–550 °C for long durations leads to decline in
mechanical properties.

Xia et al. [5] concluded that beam oscillation in electron beam welding leads to
uniform weld morphology and increased the weld width. The ferrite morphology
changed from lathy/skeletal grains in the top layer to equiaxed grains at bottom
of the bead. Further, they also claimed that the solidification of fusion zone (FZ)
changed due to beam oscillation. However, beam oscillation had a very little impact
on microstructure. Alali et al. [6] concluded that finer dendritic structure was noticed
at the bottom of the weld zone. The weld centerline contained a microstructural
boundary is called parting. The yield strength of bottom section of the weld metal
was 14–52MPa higher than top section. The tensile testing specimens extracted from
the bottom of the weld had 4% higher UTS than the specimens extracted from top
of the weld. The entire lot of tensile specimen failed at the center of the fusion zone
usually at the parting region.

Zumelzu et al. [7] concluded that the thermal contribution was directly propor-
tional to the ferrite content and tensile strength in 316 L SS weld joints. Joseph
et al. [8] varied the electron beam power from 3 to 4.2 kW while welding and
concluded that by increasing Q/V ratio the hardness and toughness of the material
decreased which is due to the variation in the cooling rate. Kim et al. [9] concluded
that heat-treating 316 SS at 600 °C for 10 h resulted in a very little change in the
microstructure. The heat treatment for 650 and 700 °C reduced the mechanical prop-
erties. Further, when HAZ of 316 was heat-treated for 600 °C for 10 h the tensile
strength reduces marginally but was still higher than base metal. Kozuh et al. [10]
concluded that tensile strength of the weld metal was higher than the parent metal
and the impact toughness decreased with increase in annealing temperature. Fur-
ther, post-weld heat treatment decreased the value of microhardness for both the
base and HAZ. The increase in annealing temperature led to decrease in delta ferrite
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content. Xia et al. [11] after conducting the microstructure analysis concluded that
weld metal was composed of austenitic matrix along with dendritic ferrite. As the
thickness increased, the morphology of delta ferrite changed to columnar equiaxed
ferrite from skeletal, lacy, and lathy ferrite. The fusion zone had lower hardness as
compared to base metal due to the presence of coarse columnar grains and increasing
delta ferrite content. Balaji et al. [12] concluded that thermal aging has an adverse
affect on the mechanical properties of 316 steel as it gets embrittled. Embrittlement
is mainly due to precipitation of M23C6 carbides on the grain boundaries.

Kar et al. [13] stated that electron beam oscillation resulted in better mechanical
properties as compared to non-beam oscillation. Due to the higher cooling rate, the
width of fusion zone in beamoscillation EBweldswas less than non-beamoscillating
EB welds. The microstructure revealed that EB welds contain similar content of
δ ferrite with skeletal and lathy morphology with non-beam oscillation and beam
oscillation, respectively. Tjong et al. [14] investigated that the microstructure study
showed that high cooling and under-cooling associated with electron beam and laser
welding caused formation of cellular and equiaxed dendrites in both EB and laser
welds. The hardness in both the cases was higher in HAZ and weld metals than the
base metal.

Shaikh et al. [15] concluded that aging of 316 L SS weld metal at 600 °C for
20 h resulted in precipitations of carbides. On the contrary when aged at 20,000 h
resulted in the formation of sigma phase. They also found that matrix softening had a
significant effect on yield strength whereas UTSwas influenced bymatrix hardening.

Chen andGan [16] observed that the formation of carbides in the grain boundaries
caused cracking and shearing which destabilized the grain boundaries. These alter-
ations in grain boundaries reduced the ductility leading to the reduction in tensile
elongation and also reduced the impact strength of the material. Further, they con-
cluded that the reduction in impact strengthmainly depended on the ageing time. The
carbides were fine and denser in the specimens thermally aged at 650 and 750 °Cwith
normal aging time and at 550 °C after long aging time and lead to the high reduction
in tensile elongation and impact strength. High-temperature thermally aged speci-
mens (900 °C) had large size carbides at the grain boundaries causing reduction in
elongation. The present work aimed at fabrication of completely penetrated elec-
tron beam welds of 18-mm thick AISI 316 SS plates, confirming to sound industrial
quality. Further, the welds were examined for impact toughness and metallurgical
properties in the as-welded state and after aging at 750 °C for 24 h, in order to study
the effect of precipitating phase on the performance of AISI 315 SS welds.

Experimental Procedure

In this study, the rolled and annealed AISI 316 austenitic stainless steel workpieces
of 400 mm × 75 mm × 18 mm were used. The length was transverse to rolling
direction. The chemical composition obtained by spectroscopic analysis is shown in
Table 1.
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Table 2 Welding parameters employed in the present work

Beam
voltage, V
(kV)

Beam
current, I
(mA)

Welding
speed
(mm/min), S

Oscillation
pattern

Oscillation
frequency

Heat input
(KJ/mm)

150 90 600 Circle 800 Hz 1.28

Heat input per unit length of weld= η (V × I)/S., whereas η denotes heat source efficiency (taken
as 0.95), V is beam voltage, I is beam current, and S is beam travel speed

Electron beam welding (EBW) in autogenous mode, i.e. welding without filler
metal, was used to achieve single-pass, full penetration square butt joint. Before
welding, edges of the plates were carefully machined by using milling machine to
obtain perfect square and were cleaned by acetone to remove dust, rust, etc. The
vacuum pressure in the working chamber of EBW machine was approximately 5 ×
10−6 mbar, and the gun pressure was approximately 2 × 10−6 mbar. The welding
parameters used in this study are shown in Table 2.

The metallographic specimens were cut precisely by wire-cut EDM for
microstructure analysis by using optical microscope. To reveal the microstructure,
the specimens were polished using emery paper of 80–3000 grit size and the spec-
imens were chemically etched by aqua regia solution (1 part of HNO3 and 3 parts
of HCl) for 15–20 s. The specimens prepared were thermally aged at 750 °C for
24 h followed by air cooling to facilitate the precipitation of the carbides. The micro-
hardness values (approximately 5 readings per point) were taken across (from left
to right with a spacing of 0.15 mm) and along the weld bead centerline (from top to
bottom with 0.5 mm spacing) as indicated in Fig. 1. Vickers microhardness testing
of weld bead was carried using a load of 1 kg for a dwell time of 20 s. The Charpy V-
notch impact test specimens from welded joint were cut according to the ASTM E23
standard from three locations (top, middle, and bottom). Charpy impact tests were
carried out at cryogenic temperature (−40 °C) on specimens of 55 mm × 10 mm ×
6 mm dimensions. To measure the error in readings, three specimens were tested
from one location.

Results and Discussion

Morphology of the Welds

The cross-sectional view of the weld joint fabricated using EBW process is shown in
Fig. 1. Themacrostructure shows the regions of basemetal,HAZandFZ.The through
weld was obtained along 18 mm thickness of the weld plates, and it penetrated 1/4 of
the backing plate. Themacrostructure shows dagger-shaped weld bead (wide top and
narrow bottom regions) obtained without any weld defects. The total welding heat
input per unit length was 1.28 kJ/mm. During the EBW, the molten metal deposits
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Fig. 1 Macrostructure of
EB welds; X–X-, Y–Y-, and
Z–Z-axes represent the
location across the weld
centerline, and A–A
represents along the weld
centerline

at the top side (keyhole mode welding), and the total heat accumulation was more
on the top of the weld due to large weld volume accumulation which further leads
to slower cooling rates and vice versa on the middle and bottom weld bead. The
optical microstructures of the welds in the as-welded and after post-weld thermal
aging treatment (750 °C for 24 h) are shown in Figs. 2 and 3 respectively. The weld
microstructure consists of austenite matrix along with dendritic δ ferrite grains. The
EBW increases the cooling rate of the molten metal which results in non-uniform
solidification, hence incomplete ferrite to austenite transformation [17]. Figure 2b
depicts the microstructure of the fusion zone at the top of the weld bead, which
shows the presence of columnar grains growing perpendicular to the parting line.
The vermicular structure of ferrite dendrites was visible within the parting line.
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Fig. 2 Macrostructure andmicrostructure of EB as-welded joint. aMacrostructure of FZ, b colum-
nar structure at top part of weld bead at 50×, c top part of weld bead at higher magnification,
200×, d columnar and equiaxed delta ferrite at middle of weld bead, 50×, e lathy structure at
middle of weld bead, 200×, f delta ferrite formation at bottom of the FZ, 50×, g primary austenitic
structure at bottom of the FZ, 200×

Figure 2c shows highermagnification of columnar grains growing towards the parting
line. Figure 2d depicts the microstructure of the middle zone of the weld bead. The
microstructure in this area consists of both equiaxed and columnar delta ferrites,
and this may be due to higher cooling rates at the center than the top of the weld
bead. Figure 2e shows the magnified view of the grains at the centerline, which
shows the formation of lathy ferrite at the weld centerline and skeletal ferrite at
weld zone. Figure 2f shows microstructure of fusion zone at the bottom of the weld.
The microstructure consists of colonies of delta ferrite forming from the parting line,
growing outwards. The weld centerline had cellular austenitic structure, which could
be due to higher cooling rates at the bottom of the weld bead [18, 19].

Figure 3 shows the macrostructure and microstructure of weld bead after PWTA
(750 °C for 24 h). After aging, the microstructures at top, middle, and bottom show
the precipitation of carbides in the austenitic network.
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Fig. 3 Macrostructure and microstructure of PWTA specimen. a Macrostructure of FZ, b,
cmicrostructure shows carbide precipitation at top part of weld bead at 50× and 200×, respectively,
d, e microstructure shows carbide precipitation at middle part of weld bead at 100× and 200×,
respectively, f, gmicrostructure shows carbide precipitation at bottom part of weld bead at 50× and
200×, respectively

Microhardness Properties

Figure 4a, b shows the microhardness variations across and along different zones of
theweld. Figure 4a shows themicrohardness along theweld bead, and themicrohard-
ness in the as-welded conditions increased from top (192.3 VHN) to bottom (226.8
VHN) of the weld. The reason behind this could be the finer grain structure at the
bottom of the weld as compared to top and middle as reported by [20]. On the con-
trary, the microhardness values decreased after the aging treatment (750 °C for 24 h)
by approximately 11% throughout the weld bead. This is due to the precipitation of
secondary phases along the grain boundaries. While measuring the microhardness



Effect of Thermal Aging on Impact Toughness … 177

150

160

170

180

190

200

210

220

230

240

0.
5 1

1.
5 2

2.
5 3

3.
5 4

4.
5 5

5.
5 6

6.
5 7

7.
5 8

8.
5 9

9.
5 10

10
.5 11

11
.5 12

12
.5 13

13
.5 14

14
.5 15

15
.5 16

16
.5 17

17
.5

V
ic

ke
r M

ic
ro

ha
rd

ne
ss

, H
V

Distance along the weld centre line (mm)

As Welded
Aged at 750°C for 24 Hrs

140
150
160
170
180
190
200
210
220
230
240
250
260
270
280

V
ic

ke
r M

ic
ro

ha
rd

ne
ss

, H
V

Distance across the weld Centre line (mm)

Top-As Welded Middle-As Welded
Bottom-As Welded Top-Aged
Middle-Aged Bottom-Aged

(a)

(b)

Fig. 4 Vickers microhardness. a Along the weld centerline and b across the weld centerline

across the weld bead (Fig. 4b), the maximum microhardness obtained was 259.6
VHN at the bottom near the fusion line region in as-welded condition. This could be
due to the presence of finer grain structure. The minimum microhardness reported
was 158.2 VHN at the top of the weld bead on the parting line after thermal aging.
The percentage error in as-welded specimens was 4%, whereas after aging the error
increases to 6%. This may be attributed to the formation of precipitates.
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Impact Toughness Properties

The results of impact test at cryogenic temperature (−40 °C) are presented in Fig. 5.
The maximum impact energy of 312 J was absorbed by the base metal in the as-
welded condition. It was followed by the impact specimens extracted from bottom
and middle of the weld bead in the as-welded condition with average values equal to
284 J and 271 J, respectively. The similar pattern was depicted byXia et al. [11] while
testing at the room temperature. The aging treatment reduced the impact toughness
of all the specimens as compared to as-welded specimens. Singh and Shahi [20]
observed the same pattern. The percentage error in as-welded specimens was 3%,
whereas after aging the error increases to 5%.

Conclusions

The present work reported about the metallurgical and impact toughness of EBW
joints of 18-mm-thickAISI 316 SS in as-welded and aged (750 °C for 24 h) condition.
The following conclusions could be drawn based on the results.

1. Single-pass, fully penetrated EB welds, with full sidewall fusion, were achieved
in 18-mm-thick AISI 316 SS plates with heat input of 1.28 kJ/mm.

2. The weld zone near the fusion boundary of the weld joint had relatively higher
microhardness. The aging treatment reduced themicrohardness by approximately
11%.



Effect of Thermal Aging on Impact Toughness … 179

3. The impact toughness of the specimens extracted from the bottom of the weld
bead is highest in as-welded condition.However, the basemetal had themaximum
impact toughness.

4. The aging treatment reduced the impact toughness approximately by 26% due
to the precipitation of carbides at the grain boundaries.
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