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In the presented study, The weldability of AISI 304 austenitic stainless steel to AISI 4340 steel
joined by friction welding in different rotational speeds and fatigue behaviour of friction-welded
samples were investigated. Tension tests were applied to welded parts to obtain the strength of
the joints. The welding zones were examined by scanning electron microscopy (SEM) and
analyzed by energy dispersive spectroscopy (EDS). The Vıckers microhardness distributions in
welding zone were determined. Fatigue tests were performed using a rotational bending
fatigue test machine and the fatigue strength has been analysed drawing S-N curves and
critically observing fatigue fracture surfaces of the tested samples. The experimental results
indicate that mechanical properties and microstructural features are affected significantly by
rotation speed and the fatigue strength of friction-welded samples decrease due to chromium
carbide precipitation in welding zone with increasing rotation speed in choosen conditions.
C© 2006 Springer Science + Business Media, Inc.

1. Indroduction
Austenitic stainless steels and AISI 4340 steels are
widely used in engineering applications for fabrication
of structural components, in which high corrosion resis-
tance and strength are fundamental design requirements
respectively. In order to achieve combine properties of
these materials, development of reliable joints between
AISI 4340 and austenitic stainless steel is required to
many applications. The welding of stainless steels and
the properties of the welds with regard to corrosion
resistance and mechanical properties do involve a mixture
of metallurgical, geometrical and surface finishing aspect.
The ability to join austenitic steels itself and to other
materials with conventional fusion welding process such
as gas tungsten, laser, electron beam welding opens up
the possibility to product unexpected phase propagation
and a series of negative metallurgical change such as delta
ferrite phase, grain boundary corrosion, strain corrosion
and sigma phase occurs at the welding interface. There-
fore, extensive care and precautions like pre and post heat
treatment or quick welding speeds are required [1–5].
These problems have been addressed by solid state weld-
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ing processes, such as friction welding. Friction welding
finds wide spread industrial use as a mass production
process for the joining of materials. In welding process,
the joining surface of samples are heated to the desired
temperature through frictional heat and then a forging
pressure is indroduced to weld the parts. Friction welding
can be used to join metals of widely differing thermal
and mechanical properties. Often combinations that can
be friction welded can not be joined by other welding
technigues because of the formation of brittle phases
which make the joint poor in mechanical properties [6, 7].
Friction welding has been proven practical to eliminate
the formation of the intermetallic phases and to form
a sound weld [8, 9]. The sub-melting temperatures and
short weld times of friction welding allow many combina-
tions of work metals to be joined. The optimum welding
parameters were chosen corresponding to the experience
[10], the fracture in each test of tension specimens
were outside the weld plane [11]. In order to optimise
welding conditions for materials with different properties
or advanced materials, experimental investigations are
still required. Along with a great deal of research about
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T AB L E I Chemical composition of parent metals (wt.%)

Composition C Si Mn P S Cr Ni Mo

AISI 4340 0.425 0.343 0.692 0.014 0.007 0.850 1.461 0.220
AISI 304 0.033 0.480 1.324 0.037 0.005 19.500 7.370 0.313

the weldability of dissimilar materials and properties
estimation for friction welding process continuing, the
further investigation on practical applications of failure
is also becoming considerably important and urgent. It is
well known that the majority of failures that occur in the
structures are caused by fatigue failure in weldments due
to fatigue type of loading experienced by the structures
[12]. Very few studies have been carried out to evaluate
the fatigue properties of AISI 304 stainless steel weld
[13]. The fatigue process and its mechanism are largely
influenced by the presence of material non-homogenities.
It has been found by several researchers that generally
fatigue cracks originate either in the heat affected zone
or in the weld materials due to fatigue loading and
could be the potential source of catastrophic failures
in some unfortunate situations [14]. The aim of this
study is to investigate experimentally the interface
properties and fatigue behaviour in terms of rotational
speed in friction–welded AISI 304 to AISI 4340 alloy
steel.

2. Materyal and method
The composition of AISI 4340 steel and AISI 304 stain-
less steel used in experiments is given Table I. Each pair
of work pieces (10 mm diameter and 60 mm length) faced
on the mating ends was welded on the direct drive fric-
tion welding machine. In experiments, rotation speeds of
1500, 1800 and 2100 rpm were used. Friction pressure
(30 Mpa), forging pressure (50 Mpa), friction time (6 s)
and forging time (3 s) were fixed. The welded bars for
fatigue specimens were worked with a CNC lathe and the
weld interface was located in the middle of specimens. Fi-
nally, they were finished by polishing with emery papers
of 600–1000 grit size.

Rotating bending fatigue tests were conducted using a
sinusoidal load of frequency 50 Hz and load ratio R =
−1, at room temperature, considering as fatigue strength,
the complete specimens fracture or 2 × 106 load cycles.
Eight groups of fatigue specimens were prepared to ob-
tain S-N curves. Tensile testing was performed at room
temperature using Instron type testing machine with 0,83
× 10−2 mm s−1 cross-head speed.

The welded interface was then cut longitudinally for
investigating the structural properties. The integrity of the
joints were examined by optical and scanning electron
microscopy (SEM) for the microstructural changes.
Energy dispersive spectroscopy (EDS) analyses were
performed at both sides of the joints and microhardness
profiles were measured across the friction welding joints.
Fractography was also employed in evaluation of the
fractured fatigue specimens.

3. Results and discussion
3.1. Microscopic examination
Fig. 1 shows microscopic cross-sectional view of sam-
ples welded at 1500, 1800 and 2100 rpm respectively.
Microstructural evaluation of the friction welding joints

Figure 1 The macro SEM photo taken from welding zone of samples (a)
1500 rpm, (b)1800 rpm, (c) 2100 rpm.
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revealed six distinct zone across the specimens which
were identified as (1) parent AISI 4340 steel, (2) heat af-
fected zone in the AISI 4340 steel side (HAZ), (3) termo-
mechanically affected zone (TMAZ) in the AISI 4340
steel side, (4) termo-mechanically affected zone (TMAZ)
in the AISI 304 steel side, (5) heat affected zone in the
AISI 4340 steel side (HAZ), (6) parent AISI 304 steel. As
can be seen from figures, the width of HAZ and TMAZ
decreases with increasing rotational speed in both the
AISI 4340 steel and AISI 304 steel. With increasing rota-
tional speed, higher frictional heat causes to propagation
of thermal energy along the axial direction of samples. A
greater volume of material is therefore heated, leading to
visco-plastic behaviour on the interface. The plastic in-
compressibility leads to the formation of flash, resulting
to axial shortening. Typical microstructures from these re-
gions are shown in Figs 2 and 3. The microstructure of the
HAZ in the AISI 4340 steel consist of martensite phase.
During the friction welding process, the temperature near
the interface would reach between A3 temperature and the
melting point of AISI 4340 steel. When exposed to cooling
from elevated temperatures, the AISI 4340 steel subject to

Figure 2 The microstructure of the TMAZ in the AISI 4340 steel.

Figure 3 The microstructure of the TMAZ showing grain refinement in the
AISI 304 steel.

a martensite transformation from austenite phase. The mi-
crostructure of the TMAZ in the AISI 4340 steel is similar
to heat affected zone but this region was greatly deformed
by the severe plastic deformation and frictional heat near
the weld zone, resulting in fully martensite phase (Fig. 2).

The structure of parent AISI 304 steel shows typically
coarse austenitic grains. The microstructure of the HAZ
in the AISI 304 steel nearly exhibits similar structure to
the base AISI 304 steel, but grains have been smaller. The
grains of AISI 304 steel in the TMAZ are also smaller
due to high deformation and frictional heat (Fig. 3). The
frictional heat is not influential on the grain growth dur-
ing cooling time. As known that the long holding times at
the austenitizing temperature make sure that the austenite
has reached its equilibrium grain size. In friction welding,
cooling times are relatively short, therefore the time spent
by the TMAZ and HAZ above A3 is only of a few seconds
meaning that the austenite cannot reach its equilibrium
grain size. The severe plastic deformation leads to the for-
mation of the shear bands. While small martensite cluster
are formed at low rotation speed, the number of shear
bands and shear band intersections increased with the in-
crease of rotation speed, resulting in partial martensite
formation in the austenite matrix. The martensite phase
is nucleated at the intersections of shear bands (Figs 4–
6). The interface represented very complex feature which
was characterized by the metal flow of two different layers
(Fig. 7). Fig. 8 presents detail of the morphology of weld-
ing interface. The width of this reaction layer decreased
slightly with increasing rotating speed and showed about
60 µm for 1500 rpm.

Figs. 9 and 10 illustrate the concentration profiles
of elements measured by the EDS analysis from the
regions marked in Figs. 1a and c respectively. As seen in
these figures, The concentration of C in TMAZ of AISI
304 and AISI 4340 steels increased when the rotation
speed was increased. According to these results, with
increasing the rotation speed, C concentration increases
in TMAZ of AISI 304 steel because of the carbon atoms
are rapid diffuser and most of the C reacts with Cr to form

Figure 4 The microstructure of the TMAZ in the AISI 304 steel.
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Figure 5 SEM observation of TMAZ for rotation speed of 1500 rpm in the
AISI 304 steel.

Figure 6 SEM observation of TMAZ for rotation speed of 2100 rpm in the
AISI 304 steel.

Figure 7 Macrographs of the friction weld interface for 1500 rpm.

chromium carbides. As a consequence, the concentration
of Cr in TMAZ of AISI 304 steel decreases relatively
with increasing rotation speed. The precipitates formed
are known to be M3C6 [15]. These results are attributed
to the sufficient temperature and time to diffuse with
increasing rotating speed in choosen conditions. İt is well

Figure 8 Magnified view of morphology of welding interface.

Figure 9 Concentration profiles of elements measured by the EDS analysis
from the regions marked in Fig. 1a.
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Figure 10 Concentration profiles of elements measured by the EDS analysis
from the regions marked in Fig. 1c.

known that exposure to the temperature range between
823 and 1073 K leads to precipitation of Cr-rich carbides
directly associated with sensitization in austenitic
stainless steels. The formation of Cr-rich carbides
accompanies diffusion of Cr atoms to grain boundaries
[16].
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3.2. Microhardness and tensile test
Fig. 11 shows the cross-sectional hardness profile of the
weld interface of friction-welded joints. As can be seen
from this figure, almost the similar trend is observed in
the microhardness profiles of all samples. The hardness of
the HAZ and TMAZ increases with increasing rotational
speed. The increasing hardness in the welding interface
can be related directly to the microstructure formed in
the welding interface as a result of the increasing heat
input and plastic deformation. The increase in the hard-
ness values in the AISI 304 side could be attributed to
the work hardening of the austenitic stainless steel. It is
widely accepted that work hardening of stainless steel is
due to a martensite formation. Martensite may form in
austenitic steels during plastic deformation from working
(mechanical) or due to temperature effects (thermal) [17].
Although the deformation hardening is also effective on
hardening in AISI 4340 steel side, mostly the hardening in
this region is a direct result of the rapid cooling from the
welding temperature. Hardness of AISI 4340 side near in-
terface remarkably increased and reached approximately
1100 HV. This hardened region could be attributed to
martensite structure (Fig. 2). This region reached approx-
imately 1 mm from the weld interface to AISI 4340 steel
side. This can be explained by the higher thermal conduc-
tivity of AISI 4340 steel which permits a rapid dissipation
of the heat through the sample while AISI 304 steel retards
dissipation of heat because of lower thermal conductivity.
As a consequence, the lower hardness can be expected in
AISI 4340 side adjacent to the AISI 304 steel.

Mechanical properties of the friction-welded samples
are given in Table II. The tensile strength slightly de-
creased with increasing rotational speed. The fracture
mainly occured at the AISI 304 steel side. Existing litera-
ture reports that, a higher bonding temperature results in
profuse inter-diffusion and better coalescence of mating
surfaces [18]. However increasing bonding temperature
due to increasing rotation speed also promotes the growth
of brittle intermetallics which, in turn affect the bond
strength adversely. Therefore, the low values of elonga-
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Figure 11 Microhardness distributions of friction-welded joints.

T AB L E I I Mechanical properties of the friction-welded samples

Rotation speed
(rpm)

Tensile strength
(MPa)

Yield strength
(MPa) % Elongation (ε)

1500 896 628 24
1800 838 610 23
2100 822 590 20

tion and tensile strength can be attributed to presence of
aligned chromium precipitation which reduce this prop-
erties. According to Zhu et al. [19] such behaviour results
from the elastic restraint imposed on the matrix by the
particulate due to their elastic modulus difference and
subsequent stress concentration around them.

3.3. Fatigue test
Fig. 12 shows the S-N curves for the rotation bending
fatigue tests of the friction welded samples. As seen this
figure, the fatigue endurance decreased with increasing
the rotational speed. The fracture mainly occured at the
deformed zone of AISI 304 steel side. This result can be
explained by the formation of chromium carbide precip-
itation, which acts as a stress raiser. At high rotational
speeds longer heating times are required allowing prop-
agation of thermal energy along the axial direction of
the workpieces. A greater volume of material is therefore
heated, leading to lower cooling rates and wider trans-
formed regions [20]. This leads to the sufficient tempera-
ture and time to diffuse of carbon to AISI 304 side. The
diffusion of carbon to AISI 304 side causes to the forma-
tion of chromium carbide precipitation at the grain bound-
aries which are known to be deleterious to the fatigue life
of material. The carbides at the grain boundaries provide
preferential sites for cavity nucleation in austenitic stain-
less steels under fatigue conditions, thereby reducing the
fatigue life [21, 22]. On the other hand, the extensive
deformation in the deformed zone due to the increasing
in the rotational speed could lead to build up of residual
stresses. Higher residual stresses at the AISI 304 steel side
of the interface can be attributed to the higher flow stress
of the austenitic stainless steel. These residual stresses can
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Figure 12 S-N curves of friction welded samples.
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have a effect in the decrease of fatigue limit. The location
of failure in all the cases was outside the interface but in
the deformed zone of the AISI 304 steel next to the inter-
face. Typical fractographs shown in Figs 13–15 show that
fracture characteristic of all of the friction-welded sam-
ples is dominated by the ductile mechanism. In samples
welded at 1500 rpm, fatigue striations formed during stage
II propagation were observed (Fig. 13). Fatigue striations
are the result of a sliding off or alternating shear process
at the crack tip. In the sample welded at 1800 rpm, the ob-
servation of cracks could be associated with the partially
transformed martensite phase in austenite matrix. Because
of non-uniform microstructure, local stresses may be con-
centrated at these locations and may cause secondary fa-
tigue cracks to initiate [23]. The fracture mode of samples
welded at 2100 rpm dominated by the transgranular mi-
crovoid coalescence (Fig. 15). As known, the voids which
are the basic source of ductile fracture are nucleated het-
erogeneously at sites where compatibility of deformation
is difficult. The preferred sites for void formation are pos-
sibly second phase particles. The apparance of the fracture
surface consist of different types of dimples and larger
ones may result from chromium carbide precipitates.

Figure 13 SEM fractograph showing fatigue striations of the sample
welded at 1500 rpm.

Figure 14 SEM fractograph of the sample welded at 1800 rpm.

Figure 15 SEM fractograph of the sample welded at 2100 rpm.

4. Conclusions
In the presented study, the weldability of AISI 304
austenitic stainless steel to AISI 4340 steel joined by fric-
tion welding in different rotational speeds and fatigue
strength of samples were investigated. Summarizing the
main features of results of microstructure analysis, hard-
ness, tensile and fatigue tests, the following conclusions
may be drawn.

(1) The present study has demonstrated that AISI 304
stainless steel can be joined to AISI 4340 steel using
friction welding. Microstructural evaluation of the fric-
tion welding joints revealed six distinct zone across the
specimens which were identified as (1) parent AISI 4340
steel, (2) heat affected zone in the AISI 4340 steel side
(HAZ), (3) termo-mechanically affected zone (TMAZ) in
the AISI 4340 steel side, (4) termo-mechanically affected
zone (TMAZ) in the AISI 304 steel side, (5) heat affected
zone in the AISI 4340 steel side (HAZ), (6) parent AISI
304 steel.

(2) The hardness of the HAZ and TMAZ increases with
increasing rotational speed as a result of the increasing
heat input and plastic deformation. The increase in the
hardness in the AISI 304 and AISI 4340 steel could be
attributed to the work hardening and martensite phase
respectively. The tensile strength and elongation also de-
creased with increasing rotational speed. The low values
of elongation and tensile strength can be attributed to
presence of aligned chromium precipitation

(3) The fatigue endurance decreases with increasing the
rotational speed as result of formation of chromium car-
bide precipitation in choosen conditions. The fracture
characteristic of all of the friction-welded samples is dom-
inated by the ductile mechanism.
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