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MECHANICAL AND MICROSTRUCTURAL PROPERTIES OF FRICTION WELDED AISI 304 STAINLESS STEEL
TO AISI 1060 STEEL

MIKROSTRUKTURA I WEASCIWOSCI MECHANICZNE ZGRZEWANE] TARCIOWO STALI NIERDZEWNEJ
AISI 304 ZE STALA AISI 1060

Rotary Friction welding is one of the most popular methods of joining similar and dissimilar materials. It is widely used

with metals and thermoplastics in a wide variety of aviation, transport and aerospace industrial component designs. This study
investigates the influence of friction and upsetting pressures on the hardness, tensile properties and microstructure of the welds.
The experimental results showed that as the friction and upsetting pressures increased, the hardness and tensile strength values
increased, as well. The tensile fracture of welded joint occurred in the AISI 1060 side. The friction processed joints were
evaluated for their integrity and quality aspects by optical and scanning electron microscopy. For the perfect interfacial bonding,
sufficient upsetting and friction pressures are necessary to reach the optimal temperature and severe plastic deformation to
bring these materials within the attraction range.
Keywords: Welding, Mechanical properties, Microstructure

Zgrzewanie tarciowe jest jedna z najbardziej popularnych metod faczenia podobnych i odmiennych materiatéw. Jest ono
powszechnie stosowane do faczenia metali i tworzyw termoplastycznych w szerokim zakresie wzoréw czesci przemystowych w
lotnictwie, transporcie i przemysle kosmicznym. Celem badari jest okreSlenie wplywu tarcia i naciskéw na twardos$¢, wlasciwosci
wytrzymato$ciowe i mikrostrukture spoiny. Wyniki do§wiadczalne wykazaly, ze zewzrostem tarcia i naciskéw wzrosta twardos$¢
i wytrzymalo$¢ na rozcigganie. W trakcie prob rozciagania pgkanie nastepowato po stronie stali AISI 1060. Zgrzewane tarciowo
spoiny zostaly oceniopne pod wzgledem ich integralnosci i jakosci za pomocg mikroskopii optycznej i skaningowej mikroskopii
elektronowej. Dla uzyskania idealnego ztaczenia materialéw potrzebne sa odpowiednie naciski i tarcie, aby osiagna¢ optymalna

temperature i intensywne odksztalcenie plastyczne.

1. Introduction

Almost all stainless steels contain at least 12%Cr which
causes formation of carbides and oxides in the microstructure.
Type 304 Stainless Steel is an austenitic steel which has high
ductility, excellent drawing, and forming properties. It is essen-
tially non-magnetic. Low carbon content not only means less
carbide precipitation in the heat-affected zone during weld-
ing but also a lower susceptibility to intergranular corrosion.
Typical applications of this steel include; chemical, cooking
equipment, cryogenic and pressure vessels, hospital surgical
equipment, and marine equipments.

Welding of machinery parts is necessary in most of the
engineering applications. Just a few decades ago, materials
were classified as weldable and non-weldable, but innovations
in technology enabled the joining of most of materials by fu-
sion and solid state welding techniques. Typical fusion welding
techniques include: gas welding (Oxyacetylene), arc welding
(SMAW, GTAW, and SAW), high energy beam welding (EBW
and LBW), plasma and laser welding. Heat sources for these
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techniques are a gas flame, an electric arc, and a high beam,
respectively. However, in the nature of these techniques, rapid
heating can cause damage to the work piece, including weak-
ening and distortion. Some of the fusion techniques are ap-
plied for various materials [1-3]. The typical solid state joining
applications of diffusion welding for various content of the
aluminum metal matrix composites [4-6] and FSW [7] have
been studied in details. Welding time, applied load, welding
temperature and chemical composition of the steel are some of
the key parameters to controlling solid state diffusion welding
process.

Rotary friction welding is one of the solid state joining
techniques which is applied in the joining of similar and dis-
similar counterparts. In this technique, machinery components
are brought into contact with each other. While one of them is
remaining stationary, the other one is rotated with the applied
pressure. When the temperature of the interfaces has reached
an optimum value for the extensive plastic deformation, the
rotation is stopped, while the forging pressure remains un-
changed or increases. The application of an axial force main-
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tains intimate contact between the parts, and causes plastic
deformation of the material near the weld interface. If the
sufficient frictional heat has been produced during softening,
larger wear particles begin to expel from the interfaces and
axial shortening of the components begin as a result of the
expelled upsetting. In general, heat is conducted away from
the interfaces thereby developing plastic zone. The plasticized
layer is formed on the interfaces; and the local stress system,
with the assistance of the rotary movement, extrudes material
from the interface into the flash. This has pointed to the fact
that the weld integrity is strongly affected by the rate of flash
expelled under the appropriate conditions [8]. Friction welding
has a lot of advantages over other welding processes. These
advantages are; no melting, high reproducibility, short produc-
tion time, low energy input, limited heat affected zone (HAZ),
avoidance of porosity formation and grain growth and the use
of non-shielding gasses during welding process. Further, the
technique is not only applied to round specimens but also used
for rectangular components. It is called linear friction welding
and has been recently applied to the steel [9].

Although a large amount of previous studies [6-11] on the
friction welding of similar and dissimilar materials has been
conducted, mechanical properties of the plain carbon steel
to stainless steel joint produced by friction welding method
have never been reported up-to-date. Thus, the objective of
the present work is to examine the mechanical properties and
optimal welding conditions of friction welded joints of these
materials.

2. Materials and methods

Chemical composition of plain carbon steel and stainless
steel employed in the present study is given in Tablel. Cylin-
drical test specimens of 20 mm in diameter and 160 mm in
the length were prepared for friction welding. Before the fric-
tion welding, the surfaces facing each other were machined by
using a lathe. Before welding, the surfaces of the work pieces
were cleaned by a stainless steel brush and acetone to remove
the oxide layer and stains. Joining of these two dissimilar
alloys was performed on a continuous drive friction welding
machine of 300 kN capacity at a constant rotation speed of
2000 rpm, and constant friction time of t=5s. Friction and up-
setting pressures were observed on the screen of friction weld-
ing machine, and the stages of welding sequence are controlled
by solenoid valve. The welding parameters were as follows:
friction pressures (P;): 30, 40 and 50 MPa, upsetting pressures
(P»): 50 and 70 MPa. Tensile test specimens were prepared ac-
cording to ASTM E8M-00b. Ultimate Tensile Strength (UTS)
and yield strength of the welded specimens were determined.
Hardness values (VH;) were determined by using Shimadzu
HMV device. Measurements were taken in the welding centre
through base metal with a distance of 1 mm and 2.5 mm on
either side of horizontal and vertical line, respectively. For
tensile strength and hardness test values, at least three spec-
imens were used for each parameter. The microstructure was
investigated by the SEM, and the optical microscopy. The AISI
1060 steel specimens were polished and etched with a solution
consisting of % 4 Nital. AISI 304 SS etched with a solution of
95% HCI and %5 OH-C¢H,(NO,)3. The grains have various

shapes ranging from 10 um to 300 um in dimension. Typical
microstructures of as received materials are seen in Fig. 1 a
and b.

TABLE 1
Chemical composition of the materials tested
Material c Cr | Ni Si Mn P
AISTI060 | 042 | - - | 021 | 045 | 0.02
Elements wt%
Material c Cr | Ni Si | Mn P
AISI 304 | 0.027 | 8.1 | 18.1 | 0.28 | 1.81 | 0.073

N

(b)
Fig. 1. Microstructure of a) AISI 1060 and b) AISI 304

3. Results and Discussions
3.1. Hardness distribution

Figure 2 a. shows the effect of friction pressures and
Fig. 2 effect of upsetting pressures on the hardness distrib-
ution in the direction perpendicular to the weld interface of
the as-welded specimen. The maximum hardness values of
joints were obtained on both sides close to the welding centre
line. The hardness values generally increased with increas-
ing friction pressure and upsetting pressures. The increasing
hardness values in the welding interface can be related to the
microstructure formed in the joint surface as a result of the
heat input and extensive plastic deformation. The hardness
values of AISI 304AISI 1060 and welding interface were 129
Hv, 254 Hv, and 300 Hv respectively. It can be said that, mi-
crostructural evaluations around the interface, diffusion of ele-
ments on the sides, work hardening, dislocation density, grain
refinement, and formation of precipitations may have caused
this increase. Although the work hardening is also effective
on the hardening in AISI 304 side, much of the hardening in
AISI 1060 steel is a direct result of fine grains, formation of
precipitates and rapid cooling from the welding temperature.
In the literature, similar hardness profile was also observed
for dissimilar material couples [11-13]. It can be said that the
hardness properties are influenced by an interactive effect of
friction, and upsetting pressures which are combinations of
heat input, range of plastic deformation and degree of strain
hardening. The influence of the welding parameters on the
vertical hardness distribution are shown in Fig. 3 a and b.
Both sides of materials are hardened due to the transforma-
tion of austenite to the martensite, which is strongly affected
by the cooling rate. Hence, all hardness values are higher than



the base metal. The highest values were obtained 5 mm away
from the centre.
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ble for a constant friction time. Because the friction and wear
help to get rid of contaminants like oxide on the interface, a
new surface was formed. At the same time, the upsetting and
friction pressures set in to bring the new face within the scope
of attraction range [17].

Fig. 2. Horizontal line, hardness distribution of tested materials a)
The effect of friction pressure (t=5s, P, =50MPa) b) The effect of
upsetting pressure (t=5s, P; =40)
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Fig. 3. Vertical line, hardness distribution of tested materials a) The
effect of friction pressure (t=5s, P, =50MPa) b) The effect of upset-
ting pressure (t=5s, P; =40)

3.2. Tensile strength

The influence of friction and upsetting pressure on the
tensile test result is shown in Fig. 4 a and b. From the data,
it can be noted that UTS and yield strength increased with an
increase in friction and upsetting pressure. The UTS values
for the AISI 1060 and the AISI304 were 814 MPa, and 505
MPa respectively [14]. The UTS strength corresponds to about
130% of that of AISI 304 SS part and 81% of that of AISI
1060 structural steel part. The highest UTS and yield strength
were obtained with the application of highest friction pressure
and upsetting pressure. The joints obtained here were quite
ductile in nature and failed in the AISI 1060 side due to the
low elongation which was only 17% compared to 70 % for
the AISI 304 (Fig. 5). All specimens failed on the AISI 1060
side showed that perfect joint interfaces were obtained under
the various tested welding parameters. It is reported that [10,
15] the choice of welding parameters affects the microstruc-
ture. If the friction time is held long, a broad diffusion zone
with intermetallic phases may be generated. The parameters
such as short friction time, low friction and low upsetting
pressures will result in a weakly bonded joint. Hence, the
superiority of the welds strongly depends on the temperature
attained by each substrate during welding process. Therefore,
the flow stress-temperature relationship for each metal will
have an important influence on the friction welding parame-
ters. However, it is also reported that [16] a good strength can
be obtained by a sufficient diffusion and mechanical locking.
If optimum welding parameters are used in friction welding, a
perfect bonding can be achieved. In general, high friction and
upsetting pressures resulted in high toughness and hardness
in steel alloys [12]. It is also well known that, for achieving
high strength at welding interface, the brittle phases such as
o-phase, d-ferrite and oxide formations should be removed
from the joint surface. In this case, to achieve higher strengths,
the friction and upsetting pressures should be as high as possi-

a) b)
Fig. 4. Tensile test results a) The effect of friction pressure b) The
effect of upsetting pressure

Fig. 5. Tensile test specimen macrograph of fractured surface

3.3. Microstructure

Figure 6 shows the typical microstructural features of the
weld. Next to the joint interface, elongated fibrous and severely
refined grains can be seen in the HAZ region of both steels
perpendicular to the rolling direction. The intensity of orien-
tation was found to be dependent on the welding parameters
[16]. It is clearly seen that sufficient friction and upsetting
pressure on the joining surface resulted in an adequate lock-
ing of the surfaces where extensive plastic deformation and
microstructural changes occurred; and these facts gave rise
to better tensile response of the joint where recrystallization
occured on the AISI 1060 side (more deformation) and grain
refinement and strain hardening occured on the AISI 304 steel
side (less deformation) which contains high level of Cr that
does not normally transform to austenite on heating, further,
chromium carbides can form at the ferritic grain boundaries of
those containing appreciable carbon content [10]. The width
of recrystallized region is mainly affected by the friction and
upsetting pressure. An increase in the friction and upsetting
pressure resulted in wider size of fine grain region. The change
of microstructure and more axial shortening also notably oc-
curred in the AISI1060 side. The same phenomenon has been
reported during friction welding of dissimilar welds, namely
Fe-Ti, Cu-Ti, Fe-Cu, Fe-Ni [11]. Heat flow occurs preferen-
tially in the material with the greatest thermal conductivity.
Due to the different thermal conductivities between AISI 304
(16,2W/m-K) and AISI 1060 (49,8 W/m-K), the specific heat
is very large, and hence most of the frictional heat is generated
in the AISI 1060 side. The difference in thermal conductivity
explains the microstructural changes which occur preferential-
ly in the AISI 1060 side. Similar microstructural observations
for the Cu-Ti couples were also reported in Ref. 17. In this



844

study, most of the changes occurred preferentially in the cop-
per side; no evidence of microstructural variation was seen
in the vicinity of the interface, and neither grain growth nor
grain boundary precipitation was observed. This can be at-
tributed to the difference of thermal conductivity [17]. It can
be said that for the perfect interfacial bonding, sufficient upset-
ting pressure and friction pressures are necessary to reach the
optimal temperature and severe plastic deformation to bring
these materials within the attraction range. Sathiya et al.[10]
found that in the case of stainless steel, a combination of high
friction, upsetting pressure and high upsetting time produced
high tensile strength and impact values. A bond quality classi-
fication system was developed using a novel, non-contact and
acoustic emission sensing technique. An efficient, inexpensive
and fast production benefit can be achieved by using process
monitoring systems [18, 19].

Figure 6 also shows the microstructural changes of ASIS
304 and AISI 1060 sides of weld. During the friction weld-
ing process, the temperature near the welding interface would
reach just above A; temperature which is almost the recrys-
tallisation temperature for the steel. Therefore, extremely fine
equiaxed grains were formed in the ferrite and pearlite struc-

ture. Moreover, martensitic structure can be seen in this region
when the welding interface has reached above Az temperature
accompanied by rapid cooling [20]. Therefore, the microstruc-
ture of AIST1060 steel was transformed to austenite. When the
austenitic structure was exposed to top cooling from evaluated
temperatures, the microstructure turned into martensite due to
the diffusion of carbon to the grain boundary and rapid cool-
ing rate. These results mean that the weld has experienced
different thermal histories. The relatively quick cooling rate
influenced the microstructure of the weld.
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Fig. 6. Typical macro and microstructure of the friction welding parts
(t=5s, P; = 30MPa, P, =50MPa)

343um

Et. Low bdacn Bror | Conc EX. Lme haencity Emor Conc _ _
(us;w 2.sig (c/s)  2sig Er. Lme h(/:z,\:;xy ;‘:‘; Cone
o Ka 18027 2492 18550 weh o Ka 9031 6008 17.180 wt¥ "
¥a 1003 2110 1534 wa% Ka 785 1771 2014 w% e ) Yoae A e
Fe Ea 43576 12202 71342 wl Fe Ka 23985 0701 73049 wr% 5 K Th et TREe TOTIS w3
Ni Ka 3472 3727 8300 m% Ni Ka 1622 2546 7232 w% M K 1256 2242 €388 wt¥:
Ho L 102 0637 0275 wm% M La 104 0643 0525 wa% W 1a 269 1037 2068 wtd:
100000 W% Total 100000 wt% Total 100000 wtv, Total
KV 200 KV 200 v 200
Takeof Angle  350° Takeoffdngle  350° Tokeoff Angle  350°
Ebpsed Livetime 100 |T Elpsed Livetime 100 |T Elpsed Livetime 100 IT
Bt Low bumsity Brer  Cone ER. Line m(ul\s;ty ;}m— Cone B L h(n/\s;u ?m Tonc
(ce)  2-sig (chs, -sig cls -sig
o K 18256 8543 19049 W% o Ka 1682 2593 2731 w% o K 5938 4871 17501 wm%
Ka 1095 2092 1527 w% Ka 420 1295 1125 w% M Ka 332 1151 1323 m%
Fe  Ka 42964 13106 71233 w¥ Fe  Fa 28637 10699 93711 Wt Fe K 15564 7887 73782 m%
Ni Ka 3277 3619 7925 w¥ Ni EKa 345 1174 1705 ws Ni K 1008 2007 6991 W%
Mo La 098 0624 0266 W% Mo La 130 0722 0729 W% M La 051 0453 0403 w%
100000 wt% Total 100000 wt¥ Total 100000 wt% Total
KV 200 v 200 KV 200
Tokeoff fngle  350° Takeoff Sngle  350° Takeoff Angle  350°
Elapsed Livetime 100 E Elipsed Livetime 100 E Elpsed Livetime 100 [_{
ER Lie beasity Bror Conc EM. Line ktemcity Bmor  Conc ER. Lie Bewsity Bmor Conc
(cfs)  2sig (che)  2sig (cis)  2esig
v o Ka 1104 2101 1529 wes o Ea 1188 2170 2584 wt¥%
o K 1045 1441 1074 wm% 4
M Ka 761 1745 1049 W% Mn Ea 160 0200 0400 wt3s Mn EKa 300 1094 1099 m.?.
* o 19204 13887 95007 Wi Fe Ea 30625 11064 96913 Wit F K 20031 9147 94285 wr¥%
):x X it ibatinu s Wi Ka 243 0986 1158 me% Ni Ea 298 1091 2032 wm¥
o 100000 wt% Total 100000 wt# Total
100000 wt% Total
e 35 25 Nt 35
0 * Takeoff Sngle 3507 eoff Ang 3
Elpsed Livetime 100 [3 |Empsed Livetine 100 [3 |mwsaimam 100 [3
e one ER. Libw Rdasity er Cone ERt. Lie Reacity Eh'w Conc
(cts) 2-sig (cse) 2-sig. fefs)  2sig
o K 891 1888 0592 w% Cr z gg‘; gjﬁ gggg wtv‘;- t?&\ g 312 ?;i‘; g;g; 3?
Mn Ka 470 1372 0597 wm% wLe i .
Fe K 60474 15551 98443 w % Fe Ka 31169 11164 98032 ¥ P Ka 21983 0377 97360 wti
N K 149 0771 0368 w% i  Ka 276 1051 1323 m% Hi K 208 0912 10013:: wx; )
: : % o byl
100000 we% Total A00 ECiwede oo
o A LA
Takeoff Angle 350° Takeof Angle 350° o
Elpsed Livetime 100 [4 |Epsedivems 100 [4] [Bwsedimame 00 [4
ER. Lbe Dencity E!rgr Cone ER. Line heasity Boor Cone ER. Line Baensity Bmor Conc
leis)  2sig fcis) 2-sig (cfs)  2sig
o K 445 1334 0282 w7 o Ka 178 0844 0228 wa ¥ o Ea 031 0352 0051 wt%
M Ka 618 1572 0760 w% Mn Ka 203 1083 0731 wt% M Ka 175 0835 0580 m%
Fe Ka 62187 15771 98604 wma% Fe Ka 30576 11055 08624 wt¥ Fo K 22569 9490 93484 WV
N Ka 110 0662 0265 wi% Ni Ka 085 0583 0417 wt% Ni Ea 133 0730 0886 w¥
100000 w1 % Total 100000 wr¥% Total 100000 wt% Total
At 200 L3t 200 bt 200
Takeoff Angle 350° Takeoff Angle 3507 Takeoff Angle 350
Elipsed Livetims 100 [5 |Eupsed Livetime 100 [6 |mpseaimame 100 [5
P=30 MPa P=40 MPa P=50 MPa

Fig. 7. Joint surfaces and location of the EDS analysis sites. The effect of friction

pressure on the elemental distribution



Changes in the chemical composition of the materials
at each side at the bonding zone were investigated by SEM
equipped with EDS (Energy Dispersive Spectrometer) perpen-
dicular to the joint plane as shown in Fig. 7. EDS point analy-
sis was used in the examination.

Figure 7 (1) and (2) show EDS analysis points defined
on the AISI 304 side, while, (4) and (5) show EDS analysis
points defined on the AISI 1060 side. It can be seen that
alloying element concentration changed at the joint surface
(Point 3) and adjacent to the Point 3 due to the mechanical
locking and atomic diffusion. In the joint surface Cr (1.074%)
was measured for 30MPa friction pressure. An increase in
the friction pressure caused high density Cr content in the
surface, where more heat was generated as a result of high
friction pressure. It is obvious that smaller diameter of Cr
atoms became more mobile and diffusive inside this region.
It is also evident that significantly high amounts of Cr and
Ni were detected on the AISI 1060 side in Point (4) and (5)
in all tested conditions. Presumably, martensite formation, Cr
and Ni carbides and intermetallic compounds formed in AISI
1060 side, and those elements made more fragile and brittle
inside the HAZ region of relatively low ductile AISI 1060
steel which all the tested tensile specimen failure occurred.

4. Conclusions

Continuous drive friction welding studies on the AISI 304
and AISI 1060 steels have been carried out. From the mechan-
ical property evaluation and the microstructural analysis, the
following conclusions can be drawn:

1. Friction welding can be used successfully to join austenitic
stainless steel (AISI304) to AISI 1060 structural steel. The
processed joints exhibited better mechanical and metallur-
gical characteristics.

2. The highest hardness values were observed in the inter-
face, but they significantly varied with increasing upsetting
and friction pressures. The increase in the hardness at the
joint zone may be attributed the microstructural evalua-
tion.

3. The tensile strength of friction welded joints increased
with increasing upsetting and friction pressures. The ten-
sile strength of AISI 304 side was higher then that of
AISI 1060. Therefore, fracture usually occurs in the HAZ
of AISI 1060 steel side.

4. Upsetting and friction pressures play important roles in
the structure and mechanical response of the weld.

5. An extensive deformation occurred mostly in the AISI
1060 side due to its flow stress and high thermal conduc-
tivity.

6. Typical microstructural features were observed in the
welding region. Equiaxed grains were evident adjacent
to the joint surface. The width of the region is mainly
affected by the welding parameters.

7. The variance in weight of alloying elements can be clearly
seen with an analysis of spectrum of elements. EDS mea-
surements clearly show that steel joints consist of carbides
and intermetallic compounds. Diffusion of the Cr and Ni
is evident in the AISI 1060 side.
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8. For this study, the optimal joint performance was attained
at a friction pressure of 50 MPa, upsetting pressure of 70
MPa, and upsetting time of 5 sec.
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