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Defect-free welds between A-516 ferritic and 316L austenitic stainless steel were achieved using inertia
friction welding (IFW) under varying friction and forge pressures. The microstructural evolution and the
associated mechanical properties were characterised across different weld regimes. The welds were free
frommicrocracks and demonstrated higher strength and hardness than the parent metal (PM), indicating
enhanced properties. Carbide precipitates were not observed at the weld interface, implying no occur-
rence of sensitisation in the stainless steel. The presence of refined grains coupled with low grain orien-
tation spread (GOS) values was the indication of continuous dynamic recrystallisation (CDRX) occurring
during IFW.
� 2022 The Author(s). Published by Elsevier Ltd on behalf of Society of Manufacturing Engineers (SME).
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1. Introduction

Dissimilar metal welding has attracted significant attention
from nuclear power generation sector for joining austenitic stain-
less steel (SS) pipes to ferritic steel nozzles. These are typically
heavy components with thick sections used in steam generators,
pressure vessels and pressurisers [1]. Austenitic SS is suitable for
high-temperature applications (i.e., up to 450 �C), such as super-
heaters and reheaters, whereas low-alloy ferritic steels are mainly
used in boilers and heat exchangers where the temperature is com-
paratively lower. Generally, conventional welding methods consist
of buttering layers of nickel-based alloy followed by multi-passes
of fusion welding (Fig. 1a), which are prone to solidification defects
and thermal shock cracking, and consequently susceptible to frac-
ture (e.g., fatigue) in service [2]. Conversely, friction welding elim-
inates these challenges owing to solid-state nature of the process,
thus eradicating solidification cracks and other metallurgical
defects. IFW is a process suitable for near-net-shape manufactur-
ing, which can join tubular components below their melting tem-
peratures under the application of friction and forge pressures.
During welding, one side of the component to be welded is
clamped to a rotating spindle, and the other to stationary fixture.
The description and advantages of the IFW process are provided
elsewhere [3,4].

There exist several reports in literature on joining dissimilar SS
and ferritic steels using different methods such as fusion-welding
[5–8] and friction-stir welding [9], however, information on their
IFW is limited. This study describes the IFW of austenitic SS and
ferritic steels without the application of buttering layers. Previous
findings [3,4] concluded that friction pressure and rotational speed
had major effects on the weld quality. This study is focused on
microstructural evolution across the weld and the associated
mechanical properties following IFW at different weld conditions.
The results obtained from this study can be helpful to encourage
further uptake of dissimilar materials joints using the IFW, allow-
ing novel and less wasteful manufacturing of structural critical
components.
2. Materials and methods

Cylindrical rods of commercially available 316L austenitic SS
and SA516-70 (A516) ferritic steel with 50 mm diameter and
200 mm length were considered for welding. The welds were con-
ducted (Fig. 1b) using a 125 T MTI built rotary friction welding
machine. Previous findings suggest that forge pressure and rota-
tional speed have substantial effects on microstructural evolution
and mechanical properties during IFW [3]. Therefore, in this study,
the effect of a range of forge pressures under a constant welding
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Fig. 1. (a) Schematic representations of bimetallic weld with buttering layers used with fusion welding, (b) photographs of three dissimilar welds made by IFW, and (c) their
corresponding cross-sections.
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rotational speed were investigated. The welding process parame-
ters matrix was designed based on Taguchi method for three differ-
ent conditions, including (i) 10 MPa (IFW1), (ii) 15 MPa (IFW2), and
(iii) 20 MPa pressure (IFW3), all under 1805 RPM rotational speed.
The frictional energy was kept constant (� 332.17 kJ) for all welds.
The methodology used for the calculation of these parameters is
reported elsewhere [10].

The welds were cut longitudinally and their cross-sections
(Fig. 1c) were prepared for microstructural characterisations using
optical and scanning electron microscopy (OM, SEM), energy-
dispersive X-ray spectroscopy (EDS) and electron backscattered
diffraction (EBSD). The orientation maps were collected at an accel-
erating voltage of 20 kV with 0.1 lm step size using a fully auto-
mated AZtec HKL Advanced (plus C5 Prem) Nordlys Max 2 EBSD
system interfaced to a FEI Quanta-650 field-emission gun SEM.
Tensile tests were carried out on specimens with a gauge diameter
and a length of 6 mm and 20 mm, respectively, under a constant
strain rate of 0.001/s. The hardness of the welds was measured
using a DuraScan 70 G5 hardness-testing machine with a diamond
shaped Vickers indenter by applying 200 gf with 12 s dwell time.
3. Results and discussion

Cross-sectional optical micrograph of IFW3, which is considered
as the optimum weld, is shown in Fig. 2a, and as evident, no pres-
ence of cracks or macro-defects were detected. The microstructure
of parent A516 steel (Fig. 2b) showed uniform distribution of
equiaxed ferrite and pearlite grains with an average size of
12.8 lm. The microstructure of the parent 316L SS (Fig. 2c) exhib-
ited polyhedral austenite grains with an average grain size of
�40 lm. The WZ microstructure of 316L SS (Fig. 2d) exhibited
refined grains (�8.9 lm) and that of A516 (Fig. 2g) showed a bai-
nitic structure with traces of martensite of � 8.5 lm. The severe
plastic deformation during IFW has led to CDRX followed by fast
cooling, which resulted in grain refinement [11,12]. Qualitative
analysis concluded a higher fraction of pearlite in the heat-
affected zone (HAZ) compared to the thermo-mechanically
affected zone (TMAZ) on the A516 side. The TMAZ and HAZ of
316L SS (Fig. 2e and f) demonstrated similar microstructures to
that of the WZ, however, with larger grain size, which can be due
to the lower cooling rates. The TMAZ and HAZ of A516 (Fig. 2h
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and i) consisted of ferrite and pearlite with an average size
of � 11.5 lm and 12.5 lm, respectively. The grain size variation
is presented in Fig. 2j and k, respectively.

Plots of engineering stress–strain curves of the welds are
depicted in Fig. 3a, and a histogram comparing the mechanical
properties between the welds is presented in Fig. 3b. The yield
and ultimate strengths for welds were higher than the PMs, but
with a lower ductility. This can be due to the formation of refined
grains in the WZ and TMAZ, which increases the strength based on
the Hall-Petch relationship. The welds exhibited a decrease in duc-
tility compared to the PMs, however, higher strength and creep
resistance are more critical design parameters for higher opera-
tional temperatures and longer lifecycles. Based on the measured
strength and ductility ratio, IFW3 weld was considered as the opti-
mum IFW condition. The fracture surface shown in Fig. 3c exhib-
ited a cup-cone failure. For all welds, fracture occurred at HAZ of
A516 steel with large fractions of dimples and voids, indicating
ductile failure.

The hardness profile of the IFW3 weld (Fig. 3d) exhibited higher
values compared to the PMs. This is particularly the case for WZ
(�252 HV) which can be attributed to (i) solid-solution strengthen-
ing due to inter-mixing of the two materials, (ii) grain refinement,
and (iii) the formation of bainite and martensite in the WZ of the
A516. This implies that the peak temperature reached Ac3 of the
A516 (�899 �C), thus allowing the transformation of the original
microstructure to austenite. The austenite underwent severe shear
deformation leading to CDRX, which then transformed to bainite
and martensite on cooling [13]. The TMAZ of both metals exhibited
a lower hardness that can be due to gradual grain coarsening.

The results of EDS and EBSD analyses across the IFW3 weld are
shown in Fig. 4. The SEM micrograph (Fig. 4a) reveals materials
inter-mixing due to severe plastic deformation. The compositional
difference across the interface measured by EDS (Fig. 4b) does not
suggest significant diffusion of elements across the interface. Car-
bides were not found at the interface, implying no measurable sen-
sitisation of 316L SS. The EBSD phase map with demarcated weld
regimes along with the inverse polefigure (IPF) map are presented
in Fig. 4c and d, respectively. Refined grains in the WZ imply the
occurrence of CDRX, which is also confirmed by the GOS map
shown in Fig. 4d. Generally, GOS is an estimation of the stored
strain energy during the on-going deformation and it can be used
to distinguish recrystallised (i.e., strain-free) and deformed grains



Fig. 2. OM appearances of different weld regions, including (a) overall low magnification image of the weld cross-section, (b) and (c) microstructures of parent A516 steel and
316L SS, (d), (e) and (f) WZ, TMAZ and HAZ of 316L SS, (g), (h) and (i) WZ, TMAZ and HAZ of A516 steel, (j) and (k) plots of average grain size for different weld regions; 316L SS
and A516 steel sides, respectively.
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Fig. 3. (a) Engineering stress–strain curves of the welds, (b) mechanical properties of the welds and the PMs, (c) SEM appearance of the fracture surface of IFW3, and (d)
hardness profile across the IFW3 weld.
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[14,15]. In the WZ of both PMs, a large fraction of grains with
GOS < 2� (Fig. 4e) and high angle grain boundaries HAGBs
(Fig. 4f) were observed, confirming the presence of strain-free
recrystallised grains. However, in the TMAZ, recrystallised grains
were observed only on the 316SS side (GOS < 2�) while a higher
GOS value was found on the A516 side indicating higher strains
inside the grains. This is also reflected in Fig. 4f where the HAGBs
in the SSL 316 were higher (�39 %) than that of the A516 (�28 %).
4. Conclusions

The mechanical and microstructural characteristics of dissimi-
lar inertia friction welded 316L SS to A516 steel, under different
friction and forge pressures, were investigated. The welds exhib-
ited higher strength than the parent materials with a slight deteri-
oration in ductility. The microstructure exhibited strain-free,
recrystallised grains in the WZ, i.e., refined austenite grains on
the SSL 316 side and bainite and martensite on the A516 side. No
sign of carbide precipitation was observed in the 316L SS which
indicates that the IFW process does not lead to potential sensitisa-
36
tion. The fracture surface of the tensile samples exhibited dimples
and voids, which is an indication of a ductile failure.
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Fig. 4. (a) SEM appearance of the IFW3 weld interface, and its corresponding (b) EDS, (c) EBSD phase map, (d) IPF, (e) GOS, and (f) fraction of HAGBs across different weld
regimes. The yellow box in (a) highlights the location of the EDS scan. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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