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Joining of dissimilar metals is one of the most essential needs of industries. Manufacturing with joint of
alloy steel and normal carbon steel is used in production, because it decreases raw material cost. In this
study, joining of AISI 4140 steel (medium carbon and low alloy steel) and AISI 1050 steel (medium carbon
steel) was successfully achieved. Mechanical properties, macro and micro structural investigation of
materials joined with this process were completed; joint strength was tested and optimum welding
parameters were obtained. Moreover, temperature change of the weld zone was measured with an infra-
red temperature measurement device during welding; and the effects of the friction welding parameters
on welding zone temperature were investigated. The highest tensile strength acquired in the welded
specimens is 6% higher than parent AISI 1050 steel and the lowest tensile strength obtained was 1.9%
lower than the parent AISI 1050 steel.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction close to weld zone where volumetric growth had happened. Da Sil-
Conventional fusion welding of many such dissimilar metal
combinations is not feasible owing to the formation of brittle and
low melting intermetallics due to metallurgical incompatibility,
wide difference in melting point, thermal mismatch, etc. Solid-
state welding processes that limit extent of intermixing are gener-
ally employed in such situations. Friction welding is one such
solid-state welding process widely employed in such situations
[1,2]. Main advantages of friction welding are high material saving,
low production time and possibility of welding of dissimilar metals
or alloys [3]. Nowadays; valves, bandix gears, axle shafts, gear-
shaft components, turbocharged fan shafts, fork-shaft connections
etc. in automotive industry are manufactured by the consolidation
of alloy steel and normal carbon steel using friction welding pro-
cess [4]. The most effective factors in the friction welding joining
process are friction time tf, friction pressure Pf, upset time tu, upset
pressure Pu, rotation amount n and the characteristic features of
the welded material [5,6].

Sahin et al. [7] joined steel and copper using friction welding
process in their studies. They determinated that maximum heat is
away from the center, close to but not exactly at the surface during
the welding process. Tjenberg [8] compared the calculated fatigue
life with the tested life, for an embedded crack in the friction weld
between two axially loaded rods. Lee et al. [9] explored the friction
welding characteristics between TiAl and AISI 4140 steel in their
studies. It was observed that martensite transformation occurred
ll rights reserved.

: +90 266 6121257.
va et al. [10] demonstrated that, besides friction welded titanium
matrix composite (TMC) maximum tensile and yield strength pro-
vide good results even in high temperatures such as 200 and
375 �C, it also provides high strength-to-weight ratio. Arivazhagan
et al. [11] have investigated the effects of welding parameters on
the hot corrosion by joining AISI 4140 and AISI 304 steels through
the friction welded method under molten salt of Na2SO4 + V2O5

(60%) environment at 500 and 550 �C under cyclic condition. Bayin-
dir and Ates [6] developed a PIC controlled, laboratory sized friction
welding machine in their studies. Joining of low carbon steel was
accomplished with the designed device. In this study, joining of AISI
4140 steel (medium carbon and low alloy steel) and AISI 1050 steel
(medium carbon steel) is successfully achieved. Accordingly, the
objective of this study is to investigate the joint of AISI 4140 steel
and AISI 1050 steel.

2. Experimental procedure

Controlled by the computer, constant driving friction welding
machine (Fig. 1) with a maximum upset load capacity of
101,736 kN was used for implementing experimental study. A
computer program was developed with Delphi 6 programming
language for computer supervision and a control unit with a micro-
controller (PIC16F84), which works on the data coming from the
computer program, was designed and fabricated.

AISI 4140 and AISI 1050 steels, which are 10 mm in diameter and
80 mm in length, were used in the experimental studies. Tension
test, hardness test (Table 1) and chemical analyses of the specimens
(Table 2) were performed; and microstructures of parent metals
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1.  Main driving motor 9.    Dual affect hydraulic cylinder 
2.  “V” Belt 10.  Computer 
3.  Pulley 11.  Electronic control unit 
4.  Electromagnetic clutch 12.  Electric-control circuit
5.  Electromagnetic brake 13.  Pressure line 
6.  Chuck 14.  Return line 
7.  Pliers 15.  Hydraulic unit 
8.  Piston arm 16.  Infra Red temperature  

      measurement device

Fig. 1. Scheme of the continuous driving friction welding machine.

Table 1
Tensile strength and hardness of parent metals

Mechanical properties AISI 4140 AISI 1050

Tensile Strength (MPa) 1059.7 1013.1
Hardness (Hv) 258 261

Table 2
Chemical composition of parent metals (wt%)

Element (wt%) Fe C Mn Si P S Cr Mo

AISI 4140 97.318 0.417 0.772 0.260 0.008 0.005 0.923 0.15
AISI 1050 97.839 0.481 0.675 0.221 0.008 0.037 0.220 0.01

Fig. 2. Optic microstructure of AISI 4140 steel.
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(Figs. 2 and 3) were researched before welding process. Pearlitic (P)
and ferritic (F) structures are observed in AISI 1050 in Fig. 3.

Friction welding parameters of the AISI 4140 and AISI 1050 steels
were obtained from the literature [9] and the preliminary work. In
this study, upset time (tu), upset pressure (Pu) and rotational speed
were fixed at 14 s, 162 MPa and 3000 rev/min, respectively, while
Co Nb< Ni Ti Al Cu V W< Pb>

7 0.006 0.002 0.051 0.002 0.029 0.050 0.003 0.002
5 0.004 0.004 0.042 0.001 0.018 0.090 0.004 0.004 0.030

Fig. 3. Optic microstructure of AISI 1050 steel.



Table 3
The process parameters used in the friction welding experiments

Specimen
no.

Friction
time (s)

Friction
pressure
(MPa)

Flash
width
4140 (mm)

Flash
diameter
4140 (mm)

Flash
width
1050 (mm)

Flash
diameter
1050 (mm)

Specimen 1 6 81.00 2.60 14.50 3.20 15.60
Specimen 2 6 121.5 4.70 16.40 5.90 17.30
Specimen 3 6 162.00
Specimen 4 4 121.50 3.70 15.00 5.00 16.00
Specimen 5 4 162.00 4.40 15.80 5.80 16.40
Specimen 6 4 202.50
Specimen 7 8 81.00 3.85 15.80 4.40 17.20
Specimen 8 8 121.50 5.70 17.20 6.80 18.30

Fig. 6. Tensile strength of welded specimens.
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friction time (ts) and friction pressure (Ps) values were altered as gi-
ven in Table 3. Five experimental applications were carried out for
each set of welding parameters. The diameters and widths of the
flashes were also measured and are presented in the same table.

Tensile properties and hardness values of the welded specimens
were measured. Microstructures and chemical structures of the
welded specimens were examined, by using optic and scan elec-
tron microscope (SEM) and energy dispersive spectroscopy (EDS)
analyzer, respectively. Temperature of the welded zone was mea-
sured and optimum welding parameters were obtained.

3. Results and discussion

3.1. Tensile properties

Friction welding experiments were accomplished successfully
using determined welding parameters. During tensile tests, brittle
Fig. 4. The macro photographs of the tensile tested and t

Fig. 5. The macro photographs of the tensile tested and th
break off occurred at AISI 1050 steel in specimens 2–8 (Fig. 4); duc-
tile break off occurred at AISI 4140 steel in specimen 1 (Fig. 5).
Tensile strength of the welded specimens was very close to that of
the parent material, AISI 1050 steel (Fig. 6). Tensile tests applied
on welded specimens revealed that friction time and friction pres-
sure, which are friction welding parameters were effective on joint
strength. The highest tensile strength was acquired as 1073.9 MPa
in welded specimen 1 and the lowest tensile strength was obtained
as 993.9 MPa in specimen 6.

When friction pressure is superfluous in specimen 6, volume of
viscous material transferred at the weld interface decreases as a re-
he brittle fracture surface of tensile tested specimen.

e ductile fracture surface of tensile tested specimen.
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sult of more mass discarded from the welding interface, which re-
sulted in lower tensile strength. In specimen 1, optimisation of fric-
tion pressure and friction time increased the volume of viscous
material transferred at the weld interface, which resulted in higher
tensile strength.

The highest tensile strength acquired in the welded specimens
was 6% higher than parent AISI 1050 steel whose tensile strength
was 1013.1 MPa and the lowest tensile strength obtained was
1.9% lower than parent AISI 1050 steel.

3.2. Hardness test results

Hardness tests of the welded specimens were implemented on
horizontal direction in Vickers scale (Fig. 7). Hardness value ob-
tained in the weld zone was much higher than the hardness of
the parent materials. The reason for this increase in hardness at
the weld zone was the creation of carbide by the alloy elements
of chrome and molybdenum [12] and grain size reduction of the
particle structure (Fig. 8) during the consolidation of alloy steel
and normal carbon steel under the circumstances of high temper-
ature and high pressure.

Transformed material varied according to welding parameters
in the welding zone. Transformed material resulted in the in-
crease of C diffusion and Cr transfer. This fact led to a martenzitic
structure in these zones and an increase in hardness value. The
situation described here brought about the fact that maximum
hardness occured on AISI 4140 side of the weld for sepcimens 1,
7 and 8.

While moving from the weld zone to the base material through
the HAZ, hardness value varies according to welding parameters. In
AISI 1050 steel, the hardness value obtained at 1mm from the weld
zone is slightly lower than that of the base material. The reason for
this difference was the decrease of Cr and Mn ratio, which is seen
in EDS analysis. In AISI 4140 alloy steel, the hardness value ob-
tained at the heat affected zone was registered higher than that
of the base material. The reason for this difference was the increase
Fig. 7. Hardness variations on horizontal distance.
of Cr ratio and martenzitic structure, which is seen in EDS analysis
and Fig. 8c.

3.3. Macro and microstructure

The macrostructures of the weld zone and the heat affected
zone are shown in both Figs. 9 and 10. Depending on the angular
velocity, in the weld zone, temperature at the centre is minimum,
while the temperature at the circumference is maximum. It was
observed that structural change takes place in relation to this tem-
perature change [7].

In the case of dissimilar materials joints by friction welding, the
formation of the flash depends on the mechanical properties of two
parent materials [9]. It was observed that the flashes were formed
around the weld interface on sides of both AISI 4140 and AISI 1050
steels (Fig. 11). The amount of flash increased with increasing ts, Ps

and Pu. The average flash diameter formed in AISI 1050 steel was
measured to be 6.46% more than that of AISI 4140 steel and the
average width of flashes formed in AISI 1050 steel was measured
to be 24.84% more than that of AISI 4140 steel (Table 3).

In the optical microscope observation of all welded specimens,
due to the effect of pressure and heat, grain size reduction has been
observed at the HAZ’s of both base materials (Fig. 8).

Microstructure inspection of the weld zone (Fig. 12), heat af-
fected zone of AISI 4140 steel (Fig. 13) and AISI 1050 steel (Fig.
14) were made via SEM. It is observed during SEM inspection that
there are no cracks or blank spaces and the transition of materials
between AISI 4140 steel and AISI 1050 steel in the weld zone (Fig.
12). During the friction welding process, the temperature near the
weld interface would reach between A3 temperature and the melt-
ing point of AISI 4140 steel. Therefore, the microstructure of AISI
4140 steel was transformed to the austenite. The austenite micro-
structure was changed to the other phases due to the diffusion of
carbon to the grain boundary and rapid cooling rate [13]. When ex-
posed to cooling from elevated temperatures, the AISI 4140 steel
experienced a martensite transformation near the weld interface
of AISI 4140 steel (Fig. 13) [9,13]. Pearlitic structure was observed
(Fig. 14) at the heat affected zone of AISI 1050 steel [14].

3.4. EDS analysis

EDS analyses were performed at five points, which are given at
Fig. 15, on welded specimens and results of the chemical analyses
are given in Table 4. During welding, transition of materials at the
weld zone occurred due to temperature and pressure. Mn ratio in-
creased too much at (a), (b), (c) and (d) points but at (e) point it did
not increase that much. Cr ratio decreased on AISI 1050 steel side
and increased at the weld zone and AISI 4140 steel side (Tables 2
and 4). From these tables it is observed that chromium diffuses to-
wards low alloy steel from the medium carbon steel side This situa-
tion stands parallel to the hardness distribution of the welded
specimens (Fig. 7).

3.5. Temperature analysis

The temperature of the weld zone was measured using infrared
temperature measurement device during welding process. Temper-
ature–time graph regarding welded specimens are given in Fig. 16. It
is seen that heat increases rapidly within the first 2 s when the graph
is examined (800–900 �C). From that point forward, even though the
rotation and friction pressure resumes, the temperature rising speed
slows down. The reason for this situation is the decrease of the fric-
tion coefficient caused by the warming up of the specimens [15] and
the existence of the plastic deformation. Applying different friction
pressures affected the reaching time of different welding tempera-
ture levels, which is proportional to the increase of pressure. It is ob-



Fig. 9. Photo of welded specimens.

Fig. 8. (a) Optic microstructure of welded specimen, (b) optic microstructure of HAZ on AISI 4140 steel, as welded, (c) optic microstructure of weld zone and (d) optic
microstructure of HAZ on AISI 1050 steel, as welded (Specimen 1, Ps = 81 MPa, ts = 6 s, Pu = 162 MPa and tu = 14 s).

Fig. 10. Macro-photograph of joint, as welded.
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served that the maximum weld temperature did not exceed the hot
deformation temperature (1100 �C for AISI 1050 steel). But after
reaching the maximum weld temperature, continuous friction pres-



Fig. 11. Macro photographs of flashes formed in welded specimens.

Fig. 12. SEM microstructure of the weld zone (Specimen 1).

Fig. 13. Microstructure of HAZ on AISI 4140 steel, as welded (Specimen 1).
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sure and rotational process increase the deformation of the speci-
mens. It is examined that two friction welding parameters, which
are friction pressure and friction time, affected the heat of the weld
zone significantly.

4. Conclusions

The following are the important results in this work:

(i) Joint of the AISI 4140 steel (medium carbon and low alloy
steel) and AISI 1050 steel (medium carbon steel) was
achieved successfully using friction welding method. The
tensile strength of the welded specimens was detected very
close to that of parent materials. Hardness of the weld zone
was obtained higher than the hardness of that of parent
materials. Hardness value of the HAZ varied according to
the welding parameters.

(ii) There were no cracks or blank spaces in optical and SEM
observations. Grain size reduction occurred at the HAZ’s of
both base materials. It was observed that transition of mate-
rials at the weld zone occurred in SEM inspection and EDS
analyses.



Fig. 14. Microstructure of HAZ on AISI 1050 steel, as welded (Specimen 1).

Fig. 15. EDS analysis of the five points: (a) and (b) HAZ of AISI 4140; (c) weld zone;
(d) and (e) HAZ of AISI 1050.

Fig. 16. Temperature graph of the weld zone.

Table 4
EDS data of the five points, as welded

Element (a) AISI
4140 (wt%)

(b) AISI
4140 (wt%)

(c) Welding
zone (wt%)

(d) AISI
1050 (wt%)

(e) AISI
1050 (wt%)

Cr K 1.13 1.28 1.16 0.03 0.10
Mn K 1.07 1.06 1.43 1.17 0.87
Fe K 97.52 97.39 97.19 98.54 98.88
Ni K 0.27 0.26 0.22 0.26 0.15
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(iii) Temperature increase within the first 2 s takes place rapidly
at the weld zone. From that point forward, even though the
rotation and friction pressure resumes, the temperature rise
slows down.

(iv) Optimum welding parameters determined in the experi-
mental studies conducted, namely rotation speed, friction
pressure, friction time, upset pressure and upset time were
obtained as 3000 rev/min, 81 MPa, 6 s, 162 MPa and 14 s,
respectively, in the joining process of AISI 4140 steel and
AISI 1050 steel using friction welding process.
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