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In this study, Ramor 500 and AISI 316 austenitic stainless steels with different properties were welded by
friction welding using different two rotation speeds and three different friction times. The friction welding
processing was carried out rotation speed at 1800 and 2200 rpm and friction times of 3, 5, and 7 s. SEM,
EDS, microhardness, and tensile tests were performed, respectively, to determine the effects of processing
parameters such as rotation speed and friction time on microstructure and mechanical properties. In the
tensile tests, the ultimate stress was obtained as 585.6 MPa in the welds made at 2200 rpm and 3 s (S1)
parameters. In EDS analysis, the excess of Cr element on the metal side of AISI 316 and the excess of Fe
ratio in Ramor 500 metal were determined. In the experimental results, it was determined that the
microstructure and mechanical properties were significantly affected by the welding parameters varying
within the selected conditions range. The tensile strength of the welded joints made at the maximum

rotation speed and minimum friction times was higher.

Keywords AISI 316, friction welding, mechanical properties,
microstructure, Ramor 500

1. Introduction

Armor-grade steels possessing high strength and hardness
are widely used in the production of military armored vehicles
and its equipment (Ref 1-3). Armor-grade steels are prone to
cold cracking due to their high carbon content (Ref 4), so they
are complex to weld. For this reason, joining armor steels with
welding methods requires careful control of welding procedures
to prevent hardness losses in the heat-affected zones (HAZ)
(Ref 5-7). Cracks appear in the fusion line (FL) between weld
metal, HAZ, and base metal as a result of higher carbon content
and hardness. These cracks cause damage in the use of military
equipment and vehicles over time. Considering that especially
armor steels are used in ballistic applications, it is important to
meticulously choose the welding methods used in joining armor
steels.

Austenitic stainless steels, which have high in chromium,
are commonly used in a wide range of industries due to their
superior mechanical properties and excellent corrosion resis-
tance such as energy systems, chemical containers, marine
tools, home appliances, and food industries (Ref 8-10).
Austenitic stainless steels, particularly AISI 316 stainless alloy,
are currently the most common (Ref 11). Because of their low
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nickel content, austenitic stainless steels have good weldability.
However, the melting and solidification processes used in
fusion welding can destroy the advantageous duplex
microstructure of these stainless steels. As a result, during the
fusion welding process, harmful intermetallic phases can form
in the microstructure. Other factors such as higher ferrite
content and coarser grains can reduce fusion-welded joints’
corrosion resistance and mechanical properties (Ref 12-18).

TIG, MIG, MAG and Electrode arc (based on melting) are
traditional welding methods to be used to join similar metals
perfectly. However, there are some problems when joining two
metals with different chemical and physical properties. These
are the problems caused by residual stresses, slags, pores, high
heat inputs and the formation of fragile intermetallic phases
(Ref 19, 20). Scientific studies and efforts are being made to
reduce these problems caused by traditional welding methods,
which is a joining technique based on melting. One of the
studies focused on the friction welding technique, a method of
solid-state welding. Friction welding is a relatively new method
and is commercially available. In this method, the inconve-
niences caused by fusion welding methods are avoided since
the materials are friction welded before they reach the melting
temperature.

Similar and different metal joints are employed in a broad
range of applications due to many advantages of solid-state
welding methods, such as FSW (Ref 21-26), friction welding
(Ref27-39), and ultrasonic welding (Ref 40). For welded joints
of armor steels, Unfried et al. studied the microstructure of arc-
welded armor plate steel (MIL A46100) experimentally and
numerically. To that end, they presented a modeling approach
to assess the solid-state microstructure development of steels
after arc welding. The proposed algorithm was adequate for
quantitatively describing both major properties and minor
details of the microstructure of a welded MIL A46100 armor
steel plate. The reliability of each task, however, was not
assessed (Ref 41). Furkan et al. investigated the microstructure
and mechanical properties of armor 500/AISI 2205 steel joints
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welded by friction welding at different welding parameters.
Microstructural analysis was performed using SEM and the
mechanical test was done using tensile tests. They indicated
that the welding parameters had a significant effect on the
microstructural and mechanical examinations. The maximum
tensile stress (1020 MPa) was obtained in friction time of 8 s
and under friction pressure of 80 MPa (Ref 42). Taskaya et al.
examined the joining of Ramor 500 steel by submerged arc
welding and its thermal analysis in the ANSYS software. They
indicated that 250 A had a full density in all joints in terms of
the density of the welded joints. Furthermore, they stressed that
both the findings of the experimental studies and the results of
the finite element solutions were compatible with each other
(Ref 43). Ipek and Elald1 welded armor steels through gas metal
arc welding by cutting different weld grooves and geometries.
Tensile, compression and bending tests were run to determine
the effects of joints welded in different welds, grooves, and
geometries. The best tensile results were achieved from the
weld joint employing a welding angle of 54 degrees and V-
welding groove geometry as a result of the experiments.
Furthermore, they stated that the best compression strength was
obtained in a welding groove angle of 48 degrees and the x-
welding groove geometry parameter (Ref 44). Savic and
Cabrilo joined Protac 500 armor steel with opened V-welding
groove using gas metal arc welding at heat inputs of 1.29 and
1.55 kJ/mm. Izod, Charpy and ballistic tests were run for the
joints. They stated that there were protrusions in the HAZs of
the welding with a heat input of 1.55 kJ/mm in the ballistic
tests. The highest energy absorption was achieved in the
experiments at 20 °C ambient temperature during the Izod
Charpy tests that were run at 20, 0, —20 and —40 °C. They also
noted that the fractures in the SEM images occurred in the form
of a ductile-brittle mechanism. They underlined that the sample
was broken at the lowest energy absorption in the test at -40 °C
(Ref 45). Magudeeswaran et al. investigated the metallurgical
properties of welded armor steel joints utilized in the manu-
facturing of a combat vehicle. They utilized austenitic stainless
steel (ASS), high nickel steel (HNS), and low hydrogen ferritic
(LHF) steel consumables for that purpose. They preferred
shielded metal arc welding (SMAW) and flux-cored arc
welding (FCAW) methods for welded joints. They stated that
the joints welded by utilizing LHF consumables exhibited a
lower degree of HAZ softening, and also, no hydrogen-induced
cracking was observed in joints manufactured using LHF
consumables (Ref 46).

When looking at the studies in the literature, it is possible to
see that countless studies join the same or different materials.
However, studies on joining different properties of Ramor and
stainless steels with friction welding are scarcely any. For this
purpose, the use of friction welding for joining dissimilar
materials, such as Ramor and stainless steels, is increasingly
meeting expectations to a large extent. In particular, the joining
process of dissimilar metal pairs such as Ramor and stainless
steel is needed in the defense industry. From this point of view,

in this study, the joinability of Ramor and stainless steels with
different properties was examined, and this gap was tried to be
eliminated by determining the microstructure and mechanical
properties.

2. Experimental Detail

Commercially available Ramor 500 and AISI 316 steels
were employed in this study. Ramor 500 steel, supplied in
plates with sizes of 300 x 100 x 12 mm (length, width, and
thickness), was first cut into 100 x 12 x 12 mm for friction
welding. It was then machined on the CNC machine to have a
diameter of 12 mm and a length of 120 mm. AISI steel was
supplied in a length of 100 mm and a diameter of 12 mm.
Table 1 shows the chemical composition of Ramor 500 and
AISI 316 steel, and Table 2 shows its mechanical properties.

2.1 Welding Processes

In order to obtain a quality weld from the samples to be
joined in the friction welding process, the surfaces to be rubbed
with each other must first be smooth and flat. In other words,
when the samples are in contact with each other on the same
axis, the surfaces must fit perfectly. After the samples to be
welded for this process were prepared with a diameter of
12 mm and a length of 100 mm, the contact surfaces of the
samples were processed on the CNC machine and made flat.
Afterward, after the samples were fixed to the opposite mirrors
in the welding machine (Fig. 1), the surfaces to be rubbed (the
surfaces to be welded) were checked again. After all the
samples were prepared, the welding process was made. The
welds were made using the parameters (Table 3) based on the
literature studies, in a PLC controlled continuously driven
welding machine.

Following the sample preparation steps, Ramor 500 and
AISI 316 steels were joined by friction welding using Ramor
500 and AISI 316 steels were successfully joined by friction
welding using the parameters given in Table 3. Figure 1 shows
the friction welding machine and its image taken during a
welding process. In the welding process, at least three samples
from each parameter were welded.

2.2 Mechanical and Microstructure Samples

Following the completion of friction welding of Ramor 500
and AISI 316 steels, samples for experimental studies were
prepared. For tensile tests, all samples were machined on a
CNC machine according to ASTM E8 standard. Figure 2
shows 3D drawings of tensile specimens prepared from welded
specimens according to ASTM E8 standard. After completing
the sample preparation for the tensile tests, they were tested on
the SHMADZU tensile testing device. The experiments were
carried out at a feed rate of 1 mm/min and an ambient

Table 1 Chemical compositions of Ramor 500 and AISI 316 steels (%owt.) (Ref 43, 47)

Material C Mn Si P S Cr Mo Ni N B Fe
AISI 316 [47] <0.03 <02 0.1 < 0.045 < 0.015 16.50-18.50  2.0-2.5 10—13 <0.110 Balance
Ramor 500 [43] 0.32 1.50 0.70  0.015 0.005 1.00 0.70 2.00 0.005  Balance
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temperature of 25 °C. All experiments were repeated three
times. The force—elongation graphs were then created by taking
the average of these three tests.

SEM images were captured to examine the microstructures
in the weld zone. For this purpose, the samples were cut in
30 x 30 mm dimensions perpendicular to the joint surface, and
their surfaces were polished with 3 um diamond paste after
being ground with 80-1200 mesh sandpaper to observe the
structural change in the joint area of the samples. For the
hardness test, the samples were cut in 30 x 30 mm dimensions
perpendicular to the cross section of the weld and they were
measured in Vickers (HV) units at 1 mm intervals under a load
of 20 g.

3. Results and Discussion

As has been already explained, mechanical tests and
microstructure analysis were performed, and their correspond-
ing testing samples were welded by friction welding. These
samples were jointed with different friction pressure and
friction times. The most important part of mechanical testing

Table 2 Mechanical properties of 316 austenitic stainless
steel and Ramor 500 steel

Tensile strength, Elongation, Microhardness,
Materials MPa % HV 0.5
AISI 316 615.361 42.36 182
Ramor 1700 14 517-603
500

a-Moving Chuck

b-Axial moving Chuck
c-Engine
d-Laser pyrometer
e-Inverter

was ultimate tensile strength tests, but the SEM analysis and
microhardness tests were performed, too.

3.1 Macro- and Microstructure Analyses of Welding
Samples

Figure 3 shows post-welding and post-tensile test
macrostructure images of Ramor 500/AISI 316 material pairs
that were friction welded at 1800 and 2200 rpm rotation speeds
and for friction times of 3, 5, and 7 s.

When the post-welding samples, shown in Fig. 3(a), were
evaluated with the naked eye, no cracks, voids, or broken
structures were noticed in the samples joined with different
welding parameters. The flash sizes differed based on the
Ramor 500/AISI 316 material pair utilized in welded joints and
their mechanical properties. Under constant rotational speed
conditions, the flash size increased depending on the friction
time. Furthermore, the flash size was larger on the AISI 316
steel side than on the Ramor 500 steel side. This can be
associated with the lower thermal conductivity of stainless steel
than Ramor steel. Following the tensile tests shown in
Fig. 3(b), fractures occurred in the AISI 316 material at the

Table 3 Parameters used in the welding process

Rotation Friction Friction
Sample no speeds, rpm Pressure, MPa times, s
S1 2200 50 3
S2 2200 50 5
S3 2200 50 7
S4 1800 50 3
S5 1800 50 5
S6 1800 50 7

f- Electronic circuit

g- Manual control panel
h-PC

i- Hydraulic power unit
j- Manometer

Fig. 1 Continuous drive friction welding machine with which welds were made
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Fig. 2 3D drawings of welded specimens (all units mm)

AISI 316

Fig. 3 Macro-displays structure (a: after welding, b = after tensile)

joints welded at 1800 and 2200 rpm for 3 s (S1 and S2) of the
Ramor 500/AISI 316 material pairs in the macrostructures of
the welded samples. Furthermore, ductile form fractures
occurred by elongating on the AISI 316 side. The fractures
occurred in the HAZ in the joints welded for 5 and 7 s. This is
thought to be due to the fact that the weld zone had more heat
input in the joints welded for 5 and 7 s than the joints welded
for 3 s. Following the tensile tests, microstructure images were
captured to further analyze the fracture zones of the fracture
samples.
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Figure 4 and 5 shows SEM images of the samples S1 and
S6. SEM images were captured to analyze the metallurgical
conditions in the cross section of Ramor 500/AISI 316 material
pairs welded through friction welding at different welding
parameters. As indicated in the studies of Seregin and Sabatsev
(Ref 48) and Kirik et al. (Ref 49), the joint was separated into
deformation zone (DZ), fully plasticized deformed zone
(FPDZ) and the base metal (BM) in microstructure analyses.
Microstructure examinations revealed gaps in the welding
intermediary transition zones and the Ramor 500/AISI 316 base
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Fig. 4 SEM image of the weld cross section of sample S1

metal pairs of the sample S6, resulting in the failure of a full
joint. This condition appeared more clearly on the AISI 316
side. This is thought to be due to the fact that the welding
parameters of 1800 rpm and 7 s selected for the sample S6
failed to fully plasticize both materials. When examining the
weld metal, partial fine-grained structures were observed to
form near the Ramor 500 side, but coarser grains appeared near
the AISI 316 steel side. This was caused by the fact that the
plasticization temperatures and thermal conductivity coeffi-
cients of Ramor 500 and AISI 316 material pairs were different.
The SEM images of the weld intermediary cross section of the
sample S1 showed more smooth joints between the weld
transition zones and the base metals. The gaps that formed in
the sample S6 were not observed there. This condition is
thought to make both Ramor 500 and AISI 316 material pairs
more viscous with the selected welding parameters, and
therefore, smooth joints were provided in the deformation zone
and welding intermediary cross sections. Furthermore, the

2526—Volume 32(5) March 2023
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distance between the weld metal and the HAZ was substantially
less. The HAZ, on the other hand, may be seen more clearly in
the sample S1. The studies have also indicated that parameters,
such as friction time and rotation speed, are important elements
in joining the material pairs to be joined at the appropriate
viscous temperature (Ref 50-54).

When Ramor steels are joined by other steels with fusion
welding methods, such as TIG, MIG, PTA, FSW, Laser and
Submerged Welding (Ref 43, 55-58), the molten weld pool not
only causes negative changes in the microstructure, but also
causes the loss of armor properties of the steel in the weld zone
and HAZ. In order to eliminate these negativities, friction
welding, whose joining temperature is below the melting
temperatures of the joined parts and whose joining time is very
short, has provided a great advantage (Ref 42). The welding
zone of the parts joined by friction welding was effective in a
narrow region. It is clear that the joining of Ramor steel and
Stainless steels with friction welding does not affect the Ramor

Journal of Materials Engineering and Performance
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Fig. 5 SEM image of the weld cross section of sample S6

properties of these steels at all, due to the short processing time
and low heat input.

Figure 6 shows EDS images of samples S1 and S6. As can
be clearly noticed from the figure, the rates of Cr, Ni, and Mn
increased but the rate of Fe decreased toward Ramor 500 steel
from AISI 316 side in the sample S1. However, it was observed
that the C rate did not change much. The sample S6 did not
change too much. EDS analysis and concentration profiles were
performed across the cross section of friction welded sample S6
at three different sites as shown in Fig. 7(a). When the EDS
concentration profiles are examined (see in Fig. 7b), Cr and Ni
diffuse to a high degree at a distance of about 50 um from the
armor steel, but Fe, on the other hand, shows a similar
movement in the opposite direction. When compared to high
density elements, the frictional heat generated at the interface
would be high for low-density elements such as Mn, which has
a low degree of diffusion due to their high boundary friction
coefficients and low thermal conductivity (Ref 59-61). More-
over, the XRD patterns (Fig. 7c and d) showed that the Fe5C2,
Cr23C6, and Cr7C3 phases were present in the joint region.
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These intermetallic compounds were affirmed the presence of
forging hardening and strengthening precipitates. The alloying
elements Fe, Ni, Cr and Mn were confirmed from the EDS
graph taken from the middle region of the joining line.
(Fig. 7¢).

Figure 8 shows the microhardness measurement results of
friction welded joints made at 1 mm intervals along a linear
line from the joint center to the base metal using two rotation
speeds, 50 MPa friction pressure, and three different (3, 5, and
7 s) friction times. The distribution of microhardness differed in
the weld zone and the adjoining zone. When the hardness
profiles of the samples were analyzed, it is discovered that the
maximum hardness in the Ramor 500 region was 608 Hv and
then declined toward AISI 316 steel from the intermediary
zone. Consequently, the hardness profiles changed based on the
width of the heat-affected zones (HAZ). Previous studies have
reported that the highest hardness values occurred in heat-
affected zones, which adjacent to the friction joint line (Ref 51,
52, 62).
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Fig. 6 Linear EDS analyses of S1 and S6 samples

3.2 Tensile Results of Welding Samples

Figure 9 presents the ultimate stress and % strain graphs of
Ramor 500/AISI 316 steel pairs that were joined by friction
welding at different welding parameters after tensile tests.

After determining the impact of welding parameters on
microstructure images and hardness values, the tensile stresses,
which are critical for welded joints, were determined. Tensile
tests were performed for Ramor 500/AISI 316 steel pairs that
were joined by friction welding. The tensile tests (Fig. 9)
indicated that the selected parameters had a significant impact.
The joints welded at 2200 rpm and 3 s (S1) parameters ultimate
stress of 585.6 MPa. The lowest ultimate stress value was
obtained as 441.5 MPa in the joints welded at 1800 rpm and
7 s (S6) parameters. When the structures in the welding
transition zones of the samples S1 and S6 were examined, it is
possible to say that this is an expected result. The macro-images
after the tensile tests in Fig. 3 were analyzed. The sample S1
was waisted and had a ductile rupture on the AISI 316 side.

2528—Volume 32(5) March 2023
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When the macrostructure of the sample S6 was examined, it
was observed that the S6 sample had a ductile-brittle fracture
between the HAZ and the weld metal. When the parameter
impact was examined in general, it was observed that the
ultimate strength of the joints decreased as the friction time
prolonged at 1800 and 2200 rpm. However, when the rotation
speed was increased from 1800-2200 rpm, the ultimate strength
of the samples increased. Kirik et al. (Ref 63) stated that the
tensile test results of AISI 1040 and AISI 304L materials,
which they joined by friction welding, increased along with the
increase in rotational speeds, which is increased in ultimate
stresses. Maximum and minimum ultimate stress, yield strength
and % strain of all samples are given in Table 4.

SEM images were taken for examine the structures forming
on the fracture surfaces of the sample S6 after the tensile test.
Figure 10 shows SEM images of the sample S6 at different
magnitudes.

Journal of Materials Engineering and Performance
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Fig. 8 Microhardness values of friction welded Ramor 500/AISI 316 joints
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Table 4 Ultimate stresses, yield stresses and strain (%)
values of specimens joined by friction welding

Specimen Ultimate stress, MPa Yield Stress, MPa Strain, %

S1 578-595 483.6-503 19.6-21.8
S2 525-543.4 436.6-460 18.4-20
S3 531-544 429-461 11-15

S4 542-558 426-445.8 16-20.7
S5 441-471.7 334.6-370 12-14

S6 431-448.5 337.4-356.8 10.8-13

When examining the macrostructures of the fractures after
the tensile tests (Fig. 3), it was observed that all the samples
took place on the AISI 316 side. Post-tensile test SEM images
of the sample S6 in Fig. 10 revealed the presence of
microstructures with a fine-grained structure (Fig. 10b-c).
Furthermore, when the structure in Fig. 10(a) was examined,
it was observed that the sample displayed ductile deformation
under load, but abrupt brittle fracture occurred after a certain
deformation. Therefore, it can be asserted that mixed type
fracture occurred in the sample S6.

4. Conclusions

In this study, Ramor 500 steel, which is used extensively in
military applications, and AISI 316 steel, which is preferred
especially in places exposed to corrosion due to its high
chromium content, were joined by the friction welding method.

2530—Volume 32(5) March 2023

Welding was carried out at 1800 and 2200 rpm rotational
speeds and 3, 5 and 7 s friction time parameters. Microstruc-
tural analyses and mechanical tests were carried out to
determine the effects of the preferred parameters in the welding
process on the weld joints. Obtained results are given below in
order.

1. In the microstructure analyses of the welding parameters
on the joints of Ramor 500/AISI316 steel pairs, it was
clearly seen that parts that did not join and missing joints
in the welding transition regions of the joint made with
1800 rpm and 7 s parameters (S6 sample). It has been
observed that a good smooth joining occurs in the weld-
ing transition regions in the joints made at 2200 rpm and
3 s parameters.

2. In the linear EDS analyses performed perpendicular to
the weld section, it was determined that there was a high
level of chromium element on the AISI 316 side, and a
high amount of Fe in the Ramor 500 steel. In the weld
metal (FPDZ), AISI 316 steel melted at lower tempera-
tures than Ramor 500 steel, so the chromium ratio was
higher.

3. In the hardness examinations, the hardness values of Ra-
mor 500 steel reached the maximum values in the HAZ
region. On the AISI 316 steel side, the hardness of the
base metal was lower than the weld metal and the hard-
ness in the HAZ region.

4. In the tensile tests, the highest and lowest ultimate stres-
ses are 585.6 MPa in sample S1 and 441.5 MPa in sam-
ple S6, respectively. Moreover, all samples were broken
at the AISI 316 side after the tensile test.

Journal of Materials Engineering and Performance



T

Fig. 10 Different sized fracture surfaces of the sample S6

5. In the fracture analysis of the ruptured surfaces of the S6
sample after the tensile test, the rupture was realized as a
ductile—brittle rupture mechanism (mix type).
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