
ABSTRACT. The SuperDux 651 stainless
steel diffusion welded in a nonsuperplas-
tic state (880°C, 60 min) required greater
pressure, compared to aluminum and ti-
tanium alloys, to create a contact area at
the weld interface, which will increase
the atomic diffusion paths. However, an
unsatisfactory weld strength of 45.3 MPa
was obtained under the applied pressure
of 7 MPa. This alloy  deformed easily at
its superplastic temperature of 970°C, re-
sulting in a tight contact surface. The
higher welding temperature was also
beneficial for atomic diffusion. Both ef-
fects were advantageous for diffusion
welding, while the joined workpieces
macroscopically deformed markedly. In
this study, a two-stage diffusion welding
method was proposed. The specimens
were diffusion welded in a nonsuper-
plastic (or superplastic) state for a short
time and then further diffusion welded at
superplastic (or nonsuperplastic) temper-
atures for a longer heating period. It was
found that the welding strength could be
improved  drastically using such a two-
stage process. The contributions of su-
perplastic deformation on the diffusion
welding of this alloy during the two-stage
process were clarified.

Introduction

Duplex stainless steels are Fe-Cr-Ni
ternary alloys that possess a microstruc-
ture consisting of nearly equal amounts
of ferrite and austenite. These stainless
steels offer several advantages over the
austenitic and ferritic stainless steels,
namely, higher mechanical properties,
good weldability, superior corrosion re-
sistance and a lower price (Refs. 1–3). As
a result, the duplex stainless steels have
been widely used in the aerospace,
chemical, power generation and oil and
gas industries (Ref. 4). Good joining tech-
niques are necessary for expanding the
applications of duplex stainless steels.
Fusion welding has been most com-
monly used. However, the heat-affected
zone (HAZ) generated by fusion welding
could reduce the mechanical properties
and corrosion resistance of the joined
workpieces (Refs. 1, 5). Diffusion weld-
ing is another choice. Because diffusion
welding requires atomic diffusion at the
weld interface for the transportation of el-

ements, material with a finer grain size
provides a larger number of grain-bound-
ary diffusion paths and, therefore, would
possess better diffusion weldability.

In addition, another necessary condi-
tion for satisfactory diffusion welding is
intimate contact between the surfaces to
be joined. Such intimate surface contact
can be obtained in the conventional dif-
fusion welding process by applying suf-
ficient pressure, which causes micro-
scopic plastic deformation at the contact
surface between joined parts. It is well
known that material with very fine grain
size and a duplex structure will possess
superplasticity at a certain strain rate
(10-3~10-4 s-1) and higher temperature
(>1⁄2Tm, where Tm is the melting point in
degrees Kelvin). A superplastic material
can be greatly deformed under very lit-
tle applied stress. For this reason, inti-
mate surface contact can be obtained
easily during diffusion welding of a su-
perplastic alloy. This implies a super-
plastic alloy can be diffusion welded
under a lower applied normal pressure.

Using the advantageous effect of su-
perplasticity on diffusion welding, a two-
stage heating process was proposed. Dur-
ing such a process, the specimens were
first diffusion welded at a nonsuperplastic
(or superplastic) state for a short time and
then further diffusion-welded at a super-
plastic (or nonsuperplastic) temperature
for a longer heating period. The welding
stage at superplastic temperatures (higher
than 900°C) offered a beneficial effect of
an intimate contact surface while the
other stage at nonsuperplastic tempera-
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tures (lower than
900°C) was respon-
sible mainly for
atomic diffusion
through the thermal
effect. The lower
temperatures in the
nonsuperplastic
heating stage of-
fered the benefit of
less energy con-
sumption and ma-
terial degradation.

If manufactured
properly, duplex
stainless steels can
have a very fine
grain microstruc-
ture, resulting in
marked superplas-
ticity (Ref. 6). Soylu, et al., de-
veloped two methods for re-
fining the microstructure of
30Cr-8Ni steel. The first
method involved alloying du-
plex stainless steels with cop-
per. The second method uti-
lized annealing of cold-rolled
supersaturated ferritic stainless
steel (Ref. 7). On the other
hand, Smith, et al., found that
the superplastic elongation of
cold-rolled IN744 steel
reached 1050% at a strain rate
of 3.2 x 10–4s-1 at 960°C (Ref.
8). The diffusion weldability of
superplastic duplex stainless
steels had been evaluated by
Ridley and coworkers (Ref. 9)
using an isostatic pressure
method with pressures of up to
2.8 MPa at a temperature be-
tween 927° and 1047°C for a
long welding period (2–10 h).
They found that a sound diffu-
sion-welded joint could be ob-

tained at a pressure of 2.1 MPa after 4 h
at 1007°C or 2 h at 1047°C.

The purpose of this study was to eval-
uate the diffusion weldability of Super-
Dux 65 stainless steel using a monodi-
rectional hot press method. Also, the
improvement of diffusion welding
through various two-stage processes was
investigated. The information obtained
in this study should also be useful for the
evaluation of the applicability of a con-
current superplastic forming/diffusion
welding (SPF/DW) technique for this
alloy. This technique has been consid-
ered as an advanced and economically
beneficial manufacturing process in the
aerospace industry. However, most of the
successful SPF/DW workpieces were ti-
tanium alloys (Ref. 10). Information on
application of this technique to duplex
stainless steels was scarce. 

Experimental Procedure

A SuperDux 65 stainless steel with a
thickness of 1 mm and the chemical
composition as shown in Table 1 was
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Fig. 1 — The dimensions of diffusion-welded specimens under ap-
plied pressure.

Fig. 2 — Microstructure of as-received SuperDux 65 stainless steel.

Fig. 3 — The welding interfaces of SuperDux 65 stainless
steel subjected to various applied pressures at 880°C for 60
min. A — 7 MPa; B — 3.5 MPa; C — 2.1 MPa.

Fig. 4 — Appearance of unwelded crevice at the specimen
edge after diffusion welding at 880°C for 60 min under 7
MPa.



used in this study. Strips of this alloy with
dimensions of 25 x 15 mm were cut from
the as-received sheet material. The sur-
faces to be welded were prepared by
grinding with 2000-grit SiC paper and
polishing with 1-µm alumina powder,
then cleaned by rinsing in distilled water,
followed by ultrasonic cleaning in ace-
tone for 5 min.

Two strips of specimens were
arranged with an overlap of 6T (T = 1-mm
sheet thickness ), as shown in Fig. 1. Dif-
fusion welding was carried out in a hot
press under a vacuum of 4 x 10-4 Torr at
various welding conditions. For A-type
specimens, a single heating process at
880°C was used, which is below the su-
perplastic deformation temperature of
SuperDux 65 stainless steel (900°C). For
comparison, various applied pressures
(7.0, 3.5 and 2.1 MPa) were employed at
the 880°C welding temperature. On the
other hand, the B-type specimens were
welded with a two-stage process: first,
diffusion welded at a nonsuperplastic (or
superplastic) state for 10 min, then fur-
ther diffusion welded at a superplastic (or
nonsuperplastic) temperature for a
longer time. The welding conditions are
shown in Table 2. After welding, the mi-
crostructure of the interface was ob-
served using optical microscopy (OM)
and scanning electron microscopy
(SEM). In order to evaluate the welding
efficiency, the average shear strength was
determined from three welded speci-
mens at room temperature with a
crosshead speed of 1 mm/min. The shear
strength (τ) was calculated by the equa-
tion

where P is the breaking load, A is the
overlap length and W is the sample
width. 

Results and Discussion

The microstructure of as-received Su-
perDux 65 stainless steel in this study is
shown in Fig. 2. This material possessed
a rolling texture with a fine grain size of
6~7 µm. Figure 3 shows the interfacial
microstructure of specimens after diffu-
sion welding at 880°C for 60 min under
various applied pressures from 2.1 to 7.0
MPa. The original con-
tact surface represent-
ing the unwelded area
was observed at all
three applied pressures
by optical microscopy,
which revealed an un-
satisfactory joint in this
case. The shear strength
(Table 2, A1–A3), which
ranged only from 19.7
to 45.3 MPa, increased
with increasing applied
welding pressure. All of
the specimens failed at
the welding interface in

tensile shear tests. Figure 4 is the mor-
phology of the specimen edge, which
obviously shows an unwelded crevice.
The superplastic deformation behavior
of SuperDux 65 stainless steel appeared
at about 900°C, which is above the
welding temperature (880°C). In this sti-
tuation, diffusion welding for the Super-
Dux 65 stainless steel required greater
normal pressure, which resulted in inti-

τ = P

AW
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Fig. 5 — The welding interfaces of SuperDux 65 stainless steel conducted by using the two-stage welding method. A —  880°C/7 MPa/10 min +
970/7.0MPa/50 min; B — 970°C/3.5 MPa/10 min + 880°C/7 MPa/60 min; C — 970°C/3.5 MPa/10 min + 880°C/3.5 MPa/60 min.



mate contact, promoting atomic diffu-
sion paths for a sound joint. For the dif-
fusion welding in a nonsuperplastic
state, increasing the applied load will
cause more contact area to be plastically
deformed, which results in higher weld-
ing strength. 

The SuperDux 65 stainless steels
were further diffusion welded with a
two-stage process. The microstructures
of the welding interface are shown in
Fig. 5. Experimental results showed the
two-stage welding process had a better
effect than the conventional single-stage
diffusion welding method (Table 2). The
most obvious improvement was ob-
tained in B1 specimens, which were
welded in the following condition: 880
°C/7.0 MPa/ 10 min + 970°C/7.0
MPa/50 min. Original contact surface
was still visible in the joined specimens
as shown in Fig. 5A and the shear weld-
ing strength increased to 132.2 MPa. In
comparison with the excellent joint in
the B1 specimen, the B2 and B3 speci-
mens revealed a discontinuous weld in-
terface (Fig. 5B and C), which possessed
shear welding strengths of 75.0 and 76.7
MPa, respectively. The microstructures
of the specimen edge for SuperDux 65
stainless steel joined by the two-stage
process are shown in Fig. 6. The un-
welded edge crevices appearing in the
specimens diffusion welded with a sin-
gle-stage process in a nonsuperplastic
state were absent when at least part of
the welding was performed near super-
plastic conditions. This proves that the
applied pressure during the superplastic
diffusion-welding stage effectively in-
creased the contact area and accelerated
atomic diffusion. Furthermore, a near
macroscopic deformation was observed
in the welding condition used for speci-
men B1: 880°C/7.0 MPa/ 10 min + 970
°C/7.0MPa /50 min. 

Although the welding strengths of the

B2 and B3 specimens were lower than
that of the B1 specimen, they were ap-
proximately twice as high as those of the
A1 and A2 specimens. From Table 2, it
can be seen that B2 and B3 specimens
were joined with an additional stage in
the superplastic range (970°C/3.5
MPa/10 min) during their diffusion weld-
ing processes in comparison with speci-
mens A1 and A2. The effect of greater
surface contact through superplastic de-
formation at the initial stage (even for a
short time) on the strength of diffusion-
welded SuperDux 65 stainless steel was
thus demonstrated. That the weld
strengths of B2 and B3 specimens were
similar implied that the initial diffusion
welding at a superplastic state (970
°C/3.5 MPa/10 min) had resulted in
greater surface contact than when the
first welding stage was nonsuperplastic.
Thus, a higher applied load for the B2
specimen in comparison with the B1
specimen at the second stage played a
minor role in the welding effect. 

Conclusions

An obvious residue of the original
weld interface and lack of welding at the
specimen edge was observed for the con-
ventional single-stage diffusion welding
of SuperDux 65 stainless steel at 880°C for
60 min under applied pressures from 2.1
to 7.0 MPa. The weld strengths were very
low, ranging from 19.7 to 45.3 MPa. On
the other hand, in the SuperDux 65 stain-
less steel welded using a two-stage diffu-
sion welding process, the original inter-
face largely disappeared and the weld
strength increased drastically. Diffusion
welding under the condition of 880°C/7.0
MPa/10 min + 970°C/7.0 MPa/50 min re-
sulted in a dramatically higher welding
strength of 132.2 MPa, in which macro-
scopic deformation of such a specimen
was noted. Using an initial superplastic

diffusion-welding
step (970°C, 3.5MPa)
for only 10 min, when
added to the single-
stage process at a
nonsuperplastic state,
obviously improved
the welding effect of
this alloy, while re-
sulting in a welding
strength of approxi-
mately 76 MPa. In this
case, sufficiently initi-
mate surface contact
had formed at the ini-
tial stage of diffusion
welding in a super-
plastic state such that
the further increase of
the applied stress

from 3.5 to 7.0 MPa at the second stage
(880°C, 60 min) did not markedly in-
crease the welding strength.
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Fig. 6 — The microstructure at the specimen edge for SuperDux 65 stainless steel joined by the two-stage welding process.
A —  880°C/7 MPa/10 min + 970°C/7 MPa/50 min; B — 970°C/3.5 MPa/10 min + 880°C/3.5M Pa/60 min.


