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Abstract: Quenched and tempered (Q & T) steels have numerous applications, particularly in the
defence industry with welding as the main fabrication route. Since welding imparts stresses due to
thermal gradients development during welding, plus the fact that the Q & T fabricated structures are
expected to function in a complex loading environment, it is critically important to relax the welding
stresses before exposing the parts to service conditions. The present study reports on the generated
residual stresses when Bisalloy 80 is welded by pulsed gas metal arc welding (GMAW-P) and verifies
the effects of post-weld heat treatment (PWHT) on the microstructural changes, removal or reduction
of residual stresses and the resulting mechanical properties of the welded Q & T steel joints. Neutron
diffraction was utilized to measure the residual stresses in the as-welded and after PWHT of the
Bisalloy 80 steel weldments. High levels of tensile residual stresses reaching to the yield strength of
the weld metal were present (642 ± 24 MPa) in the as-welded joints but were substantially reduced
after PWHT (145 MPa ± 21 MPa, which is ~23% of the yield strength of the weld metal). PWHT led
to microstructural changes in different regions of the parent and weld metals, including the formation
of coarsened polygonal ferrite grains and bainitic ferrite laths. This finding is in line with hardness
measurements, where hardness reductions were evident in the heat-affected zone (HAZ) and the
weld metal (WM) of the heat-treated specimens.

Keywords: neutron diffraction; residual stress; PWHT; Bisalloy 80; microstructure characterization

1. Introduction

Quenched and tempered (Q & T) steels are widely used for a diverse range of appli-
cations, from armoured vehicles in defence forces [1,2] to structural and wear-resistant
applications such as mining [3]. Q & T steels have the unique characteristics of superior
toughness, improved strength to weight ratio and high hardness coupled with relatively
good weldability. These qualities make them the candidate material for non-conventional
applications where the loading conditions are complex and enforced at great speed, i.e.,
shock loading, as experienced when ballistic projectiles and/or explosions are encoun-
tered [4–6]. The superior weldability of these alloys, although effective in mitigating the
formation of weld cracks, still undergo microstructural changes during welding, which may
compromise the integrity of welded joints [6,7]. One of the outcomes of microstructural
changes is the softening of the heat affected zone (HAZ) with detrimental effects on the
performance of the welded structure due to a reduction in the creep and fatigue properties
of the welded joints, thus compromising the integrity of the welded structure [8–11]. This
is due to the large heat input from the arc during the GMAW process, where the softened
heat-affected zone reduces the ductility and strength of welds and makes the weld weaker
than the base metal [12]. Although the coarsening of grains in HAZ was confirmed by
Gorka and Kotarska [13] during welding of fine grained Q & T steel, they indicated that
the grain growth does not affect the strength of the welded joint.
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Additionally, the microstructure of Q & T steel welds, including the HAZ, plays a major
role in weld joint susceptibility to hydrogen cracking, especially hydrogen-assisted cold
cracking (HACC). This is due to variations in the hydrogen solubility of the weld metal and
base plate during cooling as the determining factor to the crack susceptibility of the weld
joint and its surroundings [14]. Furthermore, HACC formation is also dependent on the
stresses experienced by the welded structures, both in service (external applied loads) and
residual stresses generated during fabrication [15,16]. The development of residual stresses
in the weld region as well as the adjacent areas is inevitable due to phase changes and
differential cooling/heating rates experienced by the structure during fabrication [17–19].

Therefore, understanding and subsequent relaxation of the residual stresses in the
welded joints of Q & T steels is of fundamental importance, as they are frequently exposed
to significant and complex loading conditions. For instance, tensile residual stresses could
jeopardize the structural integrity of Q & T steels in the presence of external fatigue or
creep loading conditions, as is commonly seen in military/armour applications [20,21].

Fortunately, residual stresses can be alleviated through PWHT. PWHT is applied to
improve the mechanical properties of the welded structure by tempering the martensitic
structure, restoring deformability and improving the load-carrying capability of the struc-
ture in service [22,23]. However, PWHT can introduce unexpected microstructural changes
in the HAZ and WM, and thus great care needs to be taken when designing the heat
treatment procedures for high strength Q & T steel welds [24,25].

PWHT for Q & T steel welded joints is typically carried out at temperatures between
540 and 590 ◦C for a holding time dependent on the plate thickness [26]. However, the
effectiveness of PWHT on the reduction of residual stresses in Q & T joints needs to be
evaluated, as insufficient relaxation of the stresses could have adverse impacts on the
integrity of the joints under applied/operating loads and may contribute to HACC initia-
tion. In addition to understanding residual stress changes after PWHT, characterization
of changes in the microstructure and mechanical properties also need to be addressed. A
study conducted by Sterjovski et al. [26] on the PWHT effects on Bis80 weldments, a Q & T
steel, showed a reduction in tensile and yield strength of the samples after PWHT. The
finding is consistent with the hardness results, where significant softening of HAZ and
weld metal (WM) occurred after PWHT. The same study showed, via hole drilling residual
stress measurements, that PWHT is effective in substantially reducing the surface residual
stress in the Q & T joints. Sterjovski et al. [27] also studied the effects of PWHT on the
toughness and fatigue crack growth of the Q & T pressure vessel steels (two different plate
thicknesses of 11 mm and 12 mm). The crack tip opening displacement (CTOD) fracture
toughness for both plate thicknesses was decreased with increases in the number of PWHT
cycles. A decrease in the impact toughness of the parent metal (PM) was also observed with
an increase in the number of PWHT cycles or holding time with a progressive change in the
fracture mode towards a more brittle fracture, mainly due to precipitation of brittle phases,
such as carbides. Despite significant microstructural analysis and mechanical properties
characterization of heat-treated welded Q & T steel structures, there is a lack of quantitative
information on the residual stresses in the welded joints pre and post PWHT. Therefore,
this study utilized neutron diffraction to characterize residual stresses in conjunction with
microstructure and mechanical properties, pre and post PWHT, in a multi-pass Bisalloy
80 steel weldment fabricated by GMAW-P.

2. Materials and Methods
2.1. Base and Filler Material

A Bisalloy 80 (AS 3597-2008 GRADE 700, Bisalloy Steel Group Limited, Wollongong,
Australia) steel plate of 20 mm thickness was sectioned into 250 mm × 200 mm plates
and joined together with 16 weld passes. The plates were clamped during welding, and
the clamps were removed after completion of the welds. The optical photograph and
schematic diagram in Figure 1 show the welded sample geometry and the clamp positions,
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respectively. The chemical composition of the base material and the consumable wire
(1.2 mm diameter), as provided by the manufacturer, are given in Table 1.

Metals 2022, 12, x FOR PEER REVIEW 3 of 13 
 

 

joined together with 16 weld passes. The plates were clamped during welding, and the 
clamps were removed after completion of the welds. The optical photograph and sche-
matic diagram in Figure 1 show the welded sample geometry and the clamp positions, 
respectively. The chemical composition of the base material and the consumable wire (1.2 
mm diameter), as provided by the manufacturer, are given in Table 1.  

Table 1. Chemical composition for 20 mm Bisalloy 80 steel plate and the consumable wire. 

Materials C Mn Si P S Ni Cr Mo Cu Al Sn Ti B Fe 
Bisalloy plate 0.17 1.37 0.21 0.18 0.04 0.017 0.20 0.20 0.026 0.035 0.002 0.019 0.002 Balance 

Consumable wire - 1.5 0.4 0.015 0.01 2.2 0.15 0.4 0.15 - - - - Balance 

 
Figure 1. (a) Welded plate of Bisalloy 80 steel. (b) Schematic diagram to show the clamp locations 
at the back of plates used during welding of the samples (note: the rolling direction of the plate is 
perpendicular to the welding direction). 

2.2. Welding  
Gas metal arc welding-pulse (GMAW-P) was utilized to join two V-prep plates with 

the dimensions of 250 mm × 200 mm × 20 mm in accordance with AS/NZS 3992-2015 [28]. 
The consumable wire (A5.28) with 1.2 mm diameter was used in 16 passes to weld the 
plates. The pre-heat temperature and maximum inter-pass temperature used during 

Figure 1. (a) Welded plate of Bisalloy 80 steel. (b) Schematic diagram to show the clamp locations
at the back of plates used during welding of the samples (note: the rolling direction of the plate is
perpendicular to the welding direction).

Table 1. Chemical composition for 20 mm Bisalloy 80 steel plate and the consumable wire.

Materials C Mn Si P S Ni Cr Mo Cu Al Sn Ti B Fe

Bisalloy plate 0.17 1.37 0.21 0.18 0.04 0.017 0.20 0.20 0.026 0.035 0.002 0.019 0.002 Balance

Consumable wire - 1.5 0.4 0.015 0.01 2.2 0.15 0.4 0.15 - - - - Balance

2.2. Welding

Gas metal arc welding-pulse (GMAW-P) was utilized to join two V-prep plates with
the dimensions of 250 mm × 200 mm × 20 mm in accordance with AS/NZS 3992-2015 [28].
The consumable wire (A5.28) with 1.2 mm diameter was used in 16 passes to weld the plates.
The pre-heat temperature and maximum inter-pass temperature used during welding were
25 ◦C and 125 ◦C, respectively. The welding parameters are summarized in Table 2.
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Table 2. Welding (GMAW-P) parameter and specifications.

Direction Flat (1G)

Diameter of Wire 1.2 mm

Electrode Class (AWS) A5.28

Specification ER 110S-G

Polarity DC+

Shielding Gas Ar 18% Co2 (15–20 L/min)

Current 135–225 A

Voltage 21–30 V

Travel Speed 170–400 mm/min

Heat Input Range 0.48–2.19 kJ/mm

Pre Heat Range 25 ◦C

Deposition Mode GMAW-P (ISO 857 Process No.13)

2.3. PWHT

PWHT of the samples was carried out utilizing ceramic heating blankets (i.e., block-
shaped sintered alumina heating blankets), similar to our previous investigation for multi-
pass high strength low alloy X70 steel welds [18,29]. The soaking temperature was 600 ◦C
(validated by thermocouples that were attached in several locations of the welded plate,
including the BM, HAZ and WM), and the holding time was one hour. The ramp up rate
was 250 ◦C/h, and samples were cooled in air.

2.4. Hardness and Microstructural Analysis

The welded coupons were sectioned transversely to the welding direction and polished
down to 1 µm diamond paste for the hardness test of the PM, WM and HAZ. Hardness
testing was carried out in accordance with the Australian standard AS.2205.6.1 [30]. Vickers
microhardness measurements were conducted across the weld (3 mm below the plate top
surface) at a nominal load of 0.5 kg and load dwell time of 15 s. Optical microscopy was used
to examine the microstructure in different regions of the PM, HAZ and WM. The samples
were etched in 2% Nital (2% nitric acid in ethanol) for microstructural characterization.

2.5. Neutron Diffraction Stress Measurements before and after PWHT

A Kowari strain diffractometer at ANSTO, located in Sydney (Australia), was utilized
to conduct neutron diffraction residual strain/stress measurements. Measurement of
residual stresses by neutron diffraction is based on Bragg’s law:

nλ = 2d sin θ (1)

where θ is the incident or reflection angle, also known as the Bragg angle (scattering angle,
2θ, is the angle the neutrons are diffracted), λ is the wavelength of the incident neutron
beam, d is the spacing between two adjacent crystallographic planes within the crystal
structure of the tested material and n is an integer number representing the order of the
reflection plane (hkl).

By measuring the stressed (dhkl) and stress-free (dhkl,0) inter-planer spacing, the lattice
strain (ε) is calculated, as given in Equation (2).

εhkl =
dhkl − dhkl,0

dhkl,0
(2)

A monochromatic neutron beam with a wavelength of 1.67 Å and gauge volume
of 3 mm × 3 mm × 3 mm was used in the current study to measure the scattering angle
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from the α-Fe (211) reflection. Residual stress measurements were conducted in three
principal directions across the weld for five different lines (3 mm, 6.5 mm, 10 mm, 13.5 mm
and 17 mm from the plate top surface), as specified on the transverse section of the weld
joint shown in Figure 2. Stress-free samples (a stress-free sample is a cut-out of the plate
with the welding parameters identical to the as-received plate, which acts as the baseline
for residual stress calculations) were also prepared for both as-welded and heat-treated
specimens using electrical discharge machining (EDM). The EDM with a wire diameter
of 0.2 mm was utilized for the preparation of the stress-free samples with the dimensions
of 6 mm × 80 mm × 20 mm from across the weld and at the centre of the plate. Cutting
of stress-free or matchstick samples from the aforementioned area enables full relaxation
of the residual stresses [31,32]. The measurements of lattice spacing (d0) for the stress-
free samples were conducted for both the as-welded and heat-treated specimens using
similar measurement points as per corresponding regions for stressed specimens with
3 mm× 3 mm× 3 mm gauge volume. Residual stress measurements were performed in all
three principal directions of longitudinal (parallel with the welding direction), transverse
(perpendicular to the weld) and normal (through the thickness of the plate) orientations.
Further details of experimentation and neutron diffraction fundamentals is available in the
literature [17,18,33].
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Figure 2. Optical macrograph of the weld joint showing the neutron diffraction stress measurement
locations (dashed lines).

3. Results and Discussion
3.1. Neutron Diffraction Measurements

The non-uniform temperature distribution and differential cooling rates during weld-
ing are responsible for the formation of residual stresses and distortion on cooling. The
cooling rate and thermal gradients experienced by the material in the weld and in the
vicinity of the weld control the microstructure via grain size and phase transformation
kinetics. These effects, in addition to thermal contraction effects, have a major contribution
to the development of residual stresses.

Figure 3a–j show the residual stress distributions across the weld (3 mm, 6.5 mm,
10 mm, 13.5 mm and 17 mm below the weld top surface) for the as-welded and heat-treated
specimens. The highest magnitude of residual stress, slightly lower than the yield strength
of both the parent and weld metals, was found at 6.5 mm below the weld top surface at
3 mm away from the centre of the weld for the as-welded specimen (Figure 3c). The residual
stress distribution in and around the weld (in the as-welded condition) reflected the thermal
history of each location, with the lower part of the weld showing lower stresses due to the
tempering effect of subsequent passes. The peak residual stress in the weld centreline at
6.5 mm was indicative that the final passes were ineffective at tempering this region (to be



Metals 2022, 12, 1569 6 of 12

discussed further with the hardness results). In addition, residual stresses at the centre line
were generally lower than in the fusion zone and heat-affected zone due to higher cooling
rates experienced in these regions compared to the centreline. The longitudinal residual
stresses were symmetric with respect to the weld centreline (x = 0, as shown in Figure 2),
which was due to consistency in the welding process/parameters and the similar thermal
fields experienced on either side of the weld centreline. The stress profile was also similar
to the classic stress profile as shown in the published literature [34].
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Figure 3. Longitudinal, transverse and normal residual stress distribution across the weld from
3 mm (a,b); (c,d) 6.5 mm; (e,f) 10 mm; (g,h) 13.5 mm; and (i,j) 17 mm, from the top surface for the
as-welded and PWHT specimens.

The magnitude of residual stresses in the transvers direction was significantly lower
than the longitudinal direction due to lower restraint imposed in the direction perpendicular
to the weld direction. This finding is consistent with the previous studies for different weld
configurations [34–36].

A significant reduction in the residual stress was observed after PWHT, where the
highest magnitude of residual stress was about 145 ± 15 MPa in the longitudinal direction,
which was about 23% of the yield strength of the WM (the yield strength of the PM and
WM were 650 and 710 MPa, respectively, as per tensile tests conducted at The University of
Adelaide). This also confirmed the effectiveness of the applied heat treatment in mitigating
the residual stresses in the welded joint. Note that the magnitude of residual stresses in
the normal direction were between +90 and −120 MPa for the as-welded and heat-treated
specimens, as shown in Figure 3a–j.

3.2. Hardness Measurements

Hardness measurements were conducted for the as-welded and heat-treated speci-
mens, as shown in Figure 4. Measurements were performed through thickness of the weld
metal (weld centreline) and across the weld at 3 mm below the top surface of the plate, a
similar region where the neutron diffraction measurements were taken. Some fluctuations
in the hardness values were observed, specifically for the as-welded specimen, with the
higher hardness values in the HAZ in comparison with the WM and PM. However, lower
hardness values could be seen for the heat-treated specimen, which is in line with the stress
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distribution presented in Figure 3. The microstructural changes during welding and PWHT
were also expected to play an important role in the mechanical properties of weld joints,
which are discussed in the following section.
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Figure 4. Microhardness distribution for the as-welded and PWHT specimens (a) through the
thickness at the centreline, and (b) 3 mm below the surface across the weld.

The through-thickness hardness values showed a generally increasing hardness from
the root of the weld to the surface in both the as-welded and PWHT samples. In the case of
the as-welded sample, this diverged somewhat from the residual stress measurements in
that no peak was observed at 6.5 mm. This indicated that while tempering by subsequent
passes is important in the final residual stress, geometry also plays a roll. That is, the peak
residual stress observed at 6.5 mm below the surface was due to both a lack of tempering
and the constraint on the solidifying/cooling weld. At 3 mm, close to the free surface, there
was reduced constraint, and hence the measured residual stresses were lower.

3.3. Microstructural Characterization

The fine-grained microstructure of the as-received Bisalloy 80 was mainly granular
bainite, as shown by the optical micrograph in Figure 5a. The coarsening of the bainitic
ferrite laths as well as the average grain size is noticeable in Figure 5b when the PM
was exposed to 600 ◦C for 1 h during PWHT. The HAZ in the welded sample, however,
develops a mainly ferritic–pearlitic structure with some residual bainitic grains of the PM
(Figure 5c). The formation of pearlite may suggest the HAZ temperature has increased
above the eutectoid temperature during welding, enabling the formation of ferrite and
pearlite within the fine grained HAZ (FGHAZ) region. The morphology of ferrite resembles
that of bainitic lath with clear coarsening. The applied PWHT, however, ensures the
formation of coarsened polygonal ferrite grains and the pearlite colonies (Figure 5d). The
coarse-grained HAZ (CGHAZ) region showed large bainitic grains in the as-weld structure,
as seen in Figure 5e, although some Widmanstätten ferrite may have been detected. The
formation of large granular bainitic ferrite grains was clear for the PWHT samples. There
were also some isolated ferrite phase particles detectable in Figure 5f. The weld metal
microstructure was mainly acicular ferrite with some Widmanstätten ferrite (Figure 5g).
During PWHT, the formation of polygonal ferrite was evident, while the acicular ferrite
was slightly coarsened. There was a small amount of mixed phases and a black region,
which could be carbide.
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The formation of microconstituent phases was consistent with the changes in hardness,
as seen in Figure 4b, where the higher hardness in the regions near the fusion zone when
compared to the centre of the weld could be attributed to the presence of Widmanstätten
ferrite and bainite (Figure 5e) in the as-welded sample, which is indicative of the higher
cooling rate in this region during the welding process. This finding is in-line with the resid-
ual stress measurements where higher levels of tensile residual stresses in the as-welded
specimen may be associated with the formation of harder phases such as Widmanstätten
ferrite and bainite in the regions near the fusion zone of the as-welded specimen. These
microstructures also account for the higher hardness values measured in the WM and HAZ
for the as-welded sample as opposed to the PWHT sample.

4. Conclusions

The effects of PWHT on the residual stresses, microstructure and mechanical properties
of the quenched and tempered steel welds are investigated in the present study. The key
findings of this study were:

(1) A high magnitude of tensile residual stresses was found in the as-welded specimens
(a maximum of 642 ± 24 MPa), which was significantly reduced after PWHT (about
145 ± 21 MPa).

(2) There were some levels of softening related with the tempering effects in the FGHAZ
of the as-welded sample, as indicated by the hardness measurements where there
was a drop in the hardness values as compared with the PM. There was, however, an
increase in the hardness values in the fusion zone due to steep thermal gradients at
this region, which resulted in higher cooling rates when the weld pool solidified. The
existence of high hardness values in this region was associated with the formation of
harder phases such as Widmanstätten ferrite and bainite for the as-welded specimens.

(3) The multi-pass welding had tempering effects, particularly from the mid-thickness
weld passes toward the root passes of the as-welded plate, where lower hardness
values and a reduction in the residual stresses were observed. However, it is also clear
from the results presented that the development of residual stresses is also dependent
on the weld geometry.

(4) High hardness values were found particularly in the HAZ of the as-welded specimen,
which was reduced after PWHT. This finding is consistent with the residual stress
measurements, where a significant reduction in residual stress was found after PWHT.

(5) The applied PWHT led to microstructural changes in the PM, HAZ and WM. These
changes included formation of coarsened polygonal ferrite grains and coarsening of
the bainitic ferrite laths after PWHT. Again, these findings are consistent with the
reduction in the magnitude of residual stress and lower hardness values, particularly
in the HAZ and WM of the heat-treated specimen.
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