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Abstract: Friction time is one of the important parameters in friction welding. The effect of
friction time on the mechanical and microstructural properties of the weld was investigated in the
friction welding of AISI 304 and AISI 1040 steels. With the enhancement of friction time, the
temperature at the welding region naturally increased. Increasing the friction time resulted in the
formation of a stronger weld. The highest tensile strength of 755 MPa was found in the S3 weld
sample made at the highest friction time of 9 seconds. An increase in the friction time also
provided a significant increase in the weld tensile elongation. S2 and S3 weld samples were
broken as ductile during the tensile test, while S1 weld sample was broken as a mixture of brittle
and ductile. The highest microhardness value of approximately 310 HV was determined at the
joint area of the S1 weld produced with the lowest friction time. Hardness at the weld interface
slightly decreased with an increase in the friction time. The weld interface shape changed
depending on the friction time.

Farkli AISI 304 Ve AISI 1040 Celiklerinin Siirtiinme Kaynaginin Arastirilmasi

Anahtar
Kelimeler
Birlestirme,

Farkli ¢elikler,
Mikroyapi,

Cekme mukavemet
Mikrosertlik

Oz: Siirtinme siiresi siirtinme kaynaginda 6nemli parametrelerden biridir. AISI 304 ve AISI
1040 ¢eliklerinin siirtinme kaynaginda siirtiinme siiresinin kaynagin mekanik ve mikroyapisal
ozelliklerine etkisi arastirildi. Stirtiinme siiresinin artmastyla birlikte kaynak bolgesindeki sicaklik
da dogal olarak artmistir. Siirtinme siiresinin artirilmasi daha saglam bir kaynak olusumuyla
sonuclandi. En yiiksek ¢cekme gerilmesi 9 saniyelik en yiiksek siirtinme siiresinde yapilan S3
kaynak numunesinde 755 MPa olarak bulunmustur. Siirtiinme siiresindeki artig, kaynagm ¢ekme
uzamasinda da nemli bir artig sagladi. Cekme testi sirasinda S2 ve S3 kaynak numuneleri siinek
olarak kirilirken, S1 kaynak numunesi gevrek ve siinek karisimi olarak kirtlmigtir. En diisiik
stirtiinme stiresiyle tiretilen S1 kaynaginin birlesim bolgesinde yaklasik 310 HV ile en yiiksek
mikrosertlik degeri belirlendi. Kaynak arayiiziindeki sertlik, siirtinme siiresinin artmastyla
birlikte hafifce azalmistir. Kaynak ara yiizeyinin sekli siirtiinme siiresine bagli olarak degismistir.

1. INTRODUCTION

Friction welding, a solid-state joining technique,
generates heat through mechanical friction between the
surfaces of workpieces without the use of external heat.
When an external force is applied, the workpieces
deform plastically, allowing materials that are similar or
dissimilar to be joined without melting. Friction welding
is a solid-state method as opposed to fusion welding,

which is a melting process [1]. Since friction welding
influences a small surface area, less stress, flaws, and
material loss result, lowering the chance of welding
problems and material effects [2]. Combining dissimilar
materials would enable more efficient and economical
constructions in many applications [3]. Many defects
such as pores and intermetallic phases that seriously
affect the weld quality seen in fusion welding techniques
do not occur in solid-state welding techniques because
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the materials are welded without melting [4]. Joining
dissimilar materials via conventional fusion welding
techniques is not practical because of the production of
brittle and low melting intermetallics due to
metallurgical incompatibility, broad melting point
differences, thermal mismatch, etc. In these kinds of
circumstances, friction welding is commonly used [5, 6].
Friction welding offers significant advantages including
notable material savings, short manufacturing times, and
the ability to join different metals or alloys [7]. For
instance, even completely different AZ31B magnesium
alloy and AISI 304 stainless steel were reported to be
successfully welded by the solid-state technique [8, 9].
Friction welding parameters (friction time, rotation
speed, friction pressure, etc.) have a significant effect on
heat generation, material flow, microstructure, residual
stress, and weld quality. The impact of each parameter is
greatly affected by the materials that are joined [1].
Balalan and Ekinci [10] investigated the effect of
rotation speed on the mechanical characteristics of the
welds of the AISI 1040 parts via the friction welding
method. They obtained the strongest weld with 400 MPa
at 1500 rpm. Celik et al. [11] studied the joining of AISI
304 and AISI 1040 steels by friction welding and
reported that joint strength is proportional to friction
pressure and these steels can be reliably joined for

industrial applications. Paventhan et al. [12] studied
friction welding of AISI 1040 and AISI 304 steel and
reported that friction time significantly affects the weld
strength. Various material combinations such as
aluminum alloy and magnesium alloy [13], aluminum
and copper [14], magnesium alloy and stainless steel
[15], and stainless steel and zinc [16] have been
successfully joined using the friction welding process.

The impact of friction time, which is an important
friction welding parameter in joining AISI 304 and AlSI
1040 steels by friction welding, on the weld's mechanical
and microstructural properties has not been much
researched. Therefore, in this study, AISI 304 and AISI
1040 steels which are widely used in many applications
were combined through the friction welding technique.
The influence of friction time on macro and
microstructure, tensile strength, and microhardness were
investigated.

2. MATERIAL AND METHOD

The chemical composition of the materials produced by
the cold drawing method used in the experiments is
given in Table 1, and their mechanical properties are
presented in Table 2.

Table 1. Chemical compositions of materials (wt.%)
Materials C Mn Cr S Ni P Mo
AISI 1040 % 0,37-0,44 0.60-0.90 - 0.050 - 0.040 -
AISI 304 0,042 1.47 18.25 0.032 8.09 0.032 0.30

Table 2. Mechanical properties of materials

Materials Yield Strength (MPa) Tensile Strength (MPa) Elongation (%) Microhardness (HV3)
AlSI 304 310 616 35 205 203 207
AISI 1040 361 600 25 149 152 156

The materials were lathe machined to 100x12mm and
prepared for friction welding. The friction welding
parameters used are given in Table 3. Friction welding

Table 3. Friction welding variables

processes were done on the continuously driven friction
welding machine shown in Figure 1. Macro photography
of welded joints is given in Figure 2.

Experiment Number of Friction Pressure Friction Time (s) Upset Pressure Upset Time (s)
Samples Revolutions (rpm) (da. N/cm?) (da. N/cm?)
S1 2200 30 5 60 6
S2 2200 30 7 60 6
S3 2200 30 9 60 6

Figure 1. Friction welding process

AISI 1040

Figure 2. Macro-photograph of the friction welds

After the friction welding process, the tensile strength
test samples were produced from the welded joints
according to TS 138 EN 895 the tensile strength test
standard in Figure 3. Tensile strength tests were carried
out on INSTRON brand tensile device. Three of each
sample were subjected to tensile tests.
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Figure 4. Raynger 3i plus infrared temperature measurement device

To detect the microstructures of the welded samples,
cross-section areas of the welds were sanded with
sandpapers and then polished. After that, electrolytically
etched using 47.6% HCI + 47.6% pure water + 4.8%
NHO3 nitric acid solution. Then optical photographs
were taken. In the microstructure analysis studies of the
samples, the chemical content of the phase occurring in
the weld area was determined by EDS. JEOL JSM6510
brand scanning electron microscope test device was
used. To detect the intermetallic compounds formed, X-
ray diffraction patterns (XRD) analysis from the etched
cross-sectional area was performed using a Rigaku
Ultima IV brand device. Microhardness measurement
was carried out to detect the hardness in heat-affected
zone (HAZ) and weld areas. Microhardness
measurement was measured on the Vickers
microhardness device, model THV-1D, by applying a
load of 300 g and a waiting time of 10 seconds, with 0.5
mm intervals, as shown in Figure 5.

AlSI 1040

Measuring interval: 0.5 mm

Figure 5. Microhardness measurement taken on the weld cross-section
3. RESULTS AND DISCUSSION

3.1. Measuring the Temperature of The Weld Region
and Welded Sample Dimensions

Maximum temperatures measured from the welding
areas are given in Table 4. As the friction time
increased, the temperature increased slightly. Therefore,
the flash material (the amount of material protruding
from the interface) increased. The demonstration of
measuring flash dimensions is shown in Figure 6. Flash
widths and lengths, and length shortenings of the welded

samples are given in Tables 5 and 6. The temperature at
the weld region rose with a rise in the friction time,
resulting in larger flash formation and sample length
reduction.

Flash ~ Width

Figure 6. Flash dimensions

Table 4. Weld area maximum temperature

Samples Maximum Temperatures (°C)
S1 980
S2 1000
S3 1100

Table 5. Weld samples flash dimensions

Length Material S1 S2 S3
Flash Width (mm) AISI 1040 5.01 6.55 7.24
AlSI 304 2.98 3.45 3.90

Flash Length (mm) | AISI 1040 18.87 | 20.06 | 20.50

AISI 304 16.36 | 17.30 | 18.27

Table 6. Length reduction amounts of the weld samples

Samples Shortening in length (mm)
S1 13.11
S2 16.15
S3 17.10

3.2. Metallographic Examination

Figure 7 shows the schematic demonstration of the weld
cross-section. Four different zones were identified. The
base material zone, heat-addected zone, deformed zone,
and extremely deformed zone, which is within the
deformation zone but shows structural differences. The
heat-affected, deformed, and extremely deformed areas
were determined to be larger on the AISI 1040 side. It is
consistent with the literature that the size of these four
defined regions varies depending on the process
parameter [17].

AISI 1040

Base Deformed [ -
m(-l'\l Heat- Zone l.o"_k “_’.“l
el Extremely ine meta

affected

deformed
zone

zone

Figure 7. Schematic picture of the joint cross-section in friction
welded samples

The SEM photograph of AISI 304 austenitic stainless
steel and the AISI 1040 steel is given in Figure 8. As a
source of austenitic stainless steel, chromium carbide
precipitation occurs in some stainless steels such as 18/8
steel at a temperature in the temperature range of 450-
850 °C. Since 90% of the chromium carbide formed
consists of Cr by weight, even a very small amount of
carbon at the grain boundary reduces the chromium level
around the austenite grain excessively. When the
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material remains in a corrosive area, cOrrosion occurs in
the chromium-weakened grain [12].

; LA | BER
Figure 8. Microstructure SEM photographs o
1040 steel

SEM photographs of samples S1-S3, expressing the
structural change, are shown in Figure 9. Structural
changes in the weld area in the joints with different
friction times and the effect of friction time on the
structural change are seen. It has been observed that the
width of the extremely deformed region at the weld
interface in S1 and S2, due to the effect of temperature
and pressure changes depending on the friction process.
Microstructure grain quality is enhanced by friction
welding. But, because of the combined influence of
mechanical and thermal stresses, grains become thinner
in the weld zone. It has been determined that the plastic
deformation of austenitic-stainless steel AISI 304 has no
effect on the friction welding variables or weld strength
[18]. Increasing friction time can lead to the expansion
of the high plastic deformation zone thus resulting in a
hard zone at the joint interface [19]. Similar weld
interfaces in Figure 9 were observed in the study of
joining AISI 304 and AISI 1040 steels via friction
welding conducted by [11].

Figure 9. Optical and SEM images of samples S1, S2 and S3

Point EDS elemental analysis image on the weld cross-
section of sample S3 is shown in Figure 10. The
obtained results are given in Table 7. As can be seen
from Table 1, the main steel material AISI 1040 contains
almost no Cr, but AISI 304 contains 18.25 percent by
weight. As can be seen from Table 7, in region 4, which
is the weld region close to AISI 1040, there is an
increase in the Cr rate, and in weld region 5 close to
AISI 304, there is a decrease in the Cr rate. This is an
indication of the mixing and diffusing of 304 and 1040
steels.

Figure 10. Point EDS analysis im

Figure 11 shows the XRD results of the S3 weld sample.
Crl1.35Fe0.52, Cr23C6, Fe3C, and austenite phases were
detected. In similar studies [20-23], ferrite, retained
austenite and chromium (Cr) phases were formed in the
weld. It is considered that the austenite phase occurs at
ferrite grain boundaries and within the grain. The
absence of XRD patterns of other phases such as
carbides in the weld region means the welding process
did not provide sufficient time for carbide formation
[23].
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Figure 11. XRD graph of sample S3
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Table 7. EDS values taken from 7 regions of the S3 sample

Elt. | Line | Units | 1. AISI 1040 Main Material 2. HAZ 3. Deformed 4.Weld 5. Deformed 6. HAZ 7. AlISI 304
Area Area Area Area Area Main Material

C Ka | wt% 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Si Ka | wt.% 0.449 1.285 0.503 0.237 0.129 0.594 0.473

Cr Ka | wt% 0.073 0.097 4,101 10.923 11.165 18.600 18.722

Mn Ka | wt.% 0.675 0.709 1.570 2.432 2.249 1.405 1.461

Fe Ka | wt.% 98.703 97.855 93.483 73.420 85.659 71.428 71.464

Ni Ka | wt% 0.099 0.054 0.342 2.988 0.798 7.974 7.880
wt.% 100.000 100.000 100.000 100.000 100.000 100.000 100.000

3.3. Tensile Strength Test Results

The tensile strength diagram drawn according to the
results obtained is shown in Figure 12. Sample S3 had
the highest tensile strength and elongation while S1 had
the lowest tensile strength and elongation. It has been
observed that tensile strength and elongation increase
with the increase in the friction time. The error bars for
the tensile strength of the welded samples are provided
in Figure 13. Three tensile tests were performed for each
sample. Average tensile strengths of 661, 696 and 755
MPa for S1, S2 and S3, respectively. Celik et al. [11]
joined AISI 304 and AISI 1040 different steels using
friction welding and produced the weld with the highest
tensile strength of an average of 792.4 MPa. Paventhan
et al. [12] also investigated friction welding AISI 1040
and AISI 304 steels by optimizing welding parameters of
friction time, friction pressure, forging pressure, and
forging time. According to the results obtained, the
strongest weld with a tensile strength of 543 MPa in
which 6 s friction time was used. It was also concluded
that friction time has the most effect on weld strength
than other welding parameters.

—_—1
—
53

Tensile Strength (MPa)

[v] 2 4 6 3 10

Elongation (%)
Figure 12. Stress-strain curves of S1, S2, S3 welded samples

800

I
~~
£ 600
2 ms1
=
a uS2
2 400
g s3
&
=
= 200
5
=
0
s1 s2 S3

Samples

Figure 13. Tensile strength of the welded samples

AISI 1040

Figure 14. Tensile test broken pictures of samples S1, S2, and S3

When the broken surface photographs sample S1 are
examined in Figure 15, some dimples and cleavages can
be seen, meaning a mix of ductile and brittle fracture
occurred. Tensile strength test broken pictures of
samples S1, S2, and S3 are shown in Figure 14, it can be
seen that there is necking in S2 and S3, but almost
straight fracture perpendicular to the load direction for
S1. It is evident from Figure 12 and the necking fracture
in Figure 14 that S2 and S3 fracture ductile. All the
samples failed from the welded areas. Celik et al. [11]
examined the friction weld tensile fracture surface of the
1040 and 304 steels and determined the signs indicating
brittle and ductile fractures.

Left Middle

R T

% : higav ¥ s a ll TR R AT
Figure 14. SEM photos taken from the left, middle, and right sides of
the tensile fractured surface of sample S1

3.4. Microhardness Test Results

The results of the microhardness tests are given
graphically in Figure 15. It was observed that the
hardness value in the AISI 304 heat-affected region
(HAZ) region decreased. The highest hardness values
were in the weld areas due to deformation hardening
with martensite formation upon sudden cooling. The
hardness in the weld area decreased slightly with
increasing of friction time. The hardness values at the
weld zone of welds S1, S2 and S3 were found to be
approximately 310, 270 and 240 HV, respectively. So,
the lowest hardness value was obtained in the weld
sample S3. This is probably due to the S3 having the
highest friction time and thus heat input resulting in
softening. Similar results were reported by [24, 25].
Higher friction time caused higher heat input. According
to Ekinci and Balalan [26], higher heat input caused
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larger grains in the microstructure, leading to softening.
Celik et al. [11] found that the microhardness of HAZ
regions was lower compared to the weld zones having
microhardness values ranging between 210 and 260 HV
for friction welding of dissimilar AISI 304 and AISI
1040 steels. The increase in the hardness of the weld
zone was attributed to the Cr transformation from AlSI
304 to AISI 1040 side, resulting in the formation of
chromium-carbide by heat. In this study, Cr
transformation was also seen in Table 7.

AlSI 304 Als| 1040

Vickers Microhardness (HV)

0

6 55 5 45 4 35 3 25 2 45 1 05 0 05 1 15 2 25 3 35 4 45 5 55 6

Distance From Weld Center (mm)

Figure 15. Microhardness distribution of the samples (S1, S2 and S3)
on the horizontal axis

4. CONCLUSIONS

In the joining of dissimilar AISI 304 and AISI 1040
steels by friction welding, 3 different friction times (5, 7
and 9 seconds) were used and the influence of friction
time on the mechanical and microstructural properties of
the weld was determined. Accordingly,

1. It has been found that the surface temperature taken
from the surface of welded joints increases in
parallel with the increase of friction time.

2. The highest tensile stress of 755 MPa was seen in
the S3 sample having the highest friction time while
the lowest tensile stress of 661 MPa was determined
in the S1 sample with the lowest friction time. The
tensile strength and also elongation of the weld
increased by increasing friction time.

3. Microhardness values around 310, 270 and 240 HV
were reached at the joint areas of S1, S2 and S3
welds, respectively.

4. A decrease in the hardness value at the weld
interface was observed when the friction time was
increased.

5. It has been observed that the width and shape of the
excessively deformed region on both sides of the
joint interface changed due to the effect of
temperature and pressure depending on the friction
time.

6. S2 and S3 weld samples exhibited a ductile fracture
during the tensile strength test. However, S1 weld
sample was broken as a mixture of brittle and
ductile.
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