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Abstract

The quality of the weld primarily depends on the param-
eters used during the welding process, including rotational
speed, friction time and pressure, and forging time and pres-
sure. Initially, welding operations are carried out on aus-
tenitic stainless steel bars, specifically from the AISI 304L
and AISI 316L families, under a constant rotational speed.
The first objective is to analyse the steel AISI 304L using
the effect of two simultaneous parameters, namely two differ-
ent forging times and two different forging pressures. The
second objective is to evaluate the effect of five different
friction phase times on AISI 316L, while keeping the other
parameters constant, including friction pressure and forging
pressure. Subsequently, a quality control is performed on
all welded joints using non-destructive testing (NDT) tech-
niques such as dye penetration testing, X-rays, and ultra-
sonics, in order to assess the impact of the aforementioned
welding parameters on the quality of the joints. The results
obtained indicate the presence of defects in some of the
welded joints, estimated at 25 % in terms of joints, predom-
inantly associated with low forging times or pressures.

INTRODUCTION

Nanostructured materials have played a significant part
in the manufacture of thermoelectric devices /1/. Research
on welding continues to gain momentum with the advance-
ment of technology and the increasing complexity of indus-
trial installations. Welding remains the most widely used
assembly method in various aspects /1-4/. Consequently,
welding inherently involves materials, as it utilises human-
made substances combined with a heat source, which can
take different forms /4/, such as arc welding /5-6/, gas weld-
ing /7-8/, friction welding, and others /9-10/. The most criti-
cal parameters of this process are those that influence the
nature of the joint, including design characteristics and spec-
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Kljucne reci

« IBR (ispitivanje bez razaranja)
+ zavarivanje trenjem

- Celik AISI

- ispitivanje zatezanjem

« IR (ispitivanje razaranjem)

- greske

Izvod

Kvalitet zavarenog spoja uglavnom zavisi od primenjenih
parametara tokom postupka zavarivanja, ukljucujuci brzinu
rotacije, vreme i pritisak trenja, kao i vreme i pritisak iski-
vanja. Zavarivanje je izvedeno sa epruvetama od Celika tipa
AISI 304L i AISI 316L, sa konstantnom brzinom rotacije.
Prvi zadatak je analiza celika AISI 304L koriscenjem efekta
dva simultana parametra, zapravo, dva razlicita vremena
iskivanja, i dva razlicita pritiska iskivanja. Drugi zadatak je
procena uticaja pet razlicitih vremena faze trenja kod Celika
AISI 316L, pri konstantnim ostalim parametrima, ukljucujuci
pritisak trenja i pritisak iskivanja. Zatim je izvedena kon-
trola kvaliteta svim zavarenim spojevima ispitivanjem bez
razaranja (IBR), metodama penetrantima, rendgenskim zra-
Cenjem i ultrazvukom, radi procene dejstva gore navedenih
parametara zavarivanja na kvalitet spojeva. Dobijeni rezul-
tati pokazuju prisustvo gresaka kod nekih zavarenih spoje-
va, u obimu 25 % s obzirom na spojeve, koji su u najvecoj
meri povezani sa kratkim vremenima i malim pritiscima
iskivanja.

ifications, speed, time, and cost /11-14/. Ultimately, the aim
is to achieve superior mechanical properties for a welded
joint. The parameters employed in welding operations are
further discussed in this work. According to the results of
several published research studies, friction welding is one of
the most cost-effective and environmentally friendly assem-
bly processes, applicable to a wide range of materials,
including steel, aluminium, crystalline and semi-crystalline
polymers, among others /15-18/. The ideal weld is one that
ensures continuity in mechanical, metallurgical, and physical
properties between the joined parts, making the weld indis-
tinguishable from the surrounding metal.
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Friction welding is a solid-state joining process capable
of producing high-quality welds when the parameters are
well-controlled and properly applied, whether between two
pieces of the same material or dissimilar materials /19-20/.
The pieces to be friction welded are brought into contact,
generating heat through friction at the interface, driven by
the rotation of one part on one side and the application of
axial force on the second part on the other side. The friction
increases the temperature around the interface of the two
pieces, sometimes reaching approximately 1000 °C, before
it rapidly decreases due to natural cooling, governed by the
transition of the initially solid material into a viscous state,
in other words, through the reduction of friction /19-23/.

In this modest study, we will conduct several solid-state
welding operations in our laboratory, varying friction time
using austenitic steel from the AISI family. Stainless steels
are widely used in various practical applications, such as
nuclear, chemical, and petrochemical industries /9/. Stainless
steels are identified as iron-based alloys containing 8 to 25 %
nickel and 12 to 30 % chromium. Thus, different types of
stainless steels can be subdivided into three categories: mar-
tensitic, ferritic, and austenitic. Austenitic stainless steels
represent the largest group and are widely used in liquid
processing systems and hydraulic machinery due to their
excellent corrosion resistance, good machinability, low cost,
and weldability /10/. Austenitic steels exhibit relatively low
mechanical properties, with a yield strength (R.) ranging
from 180 to 240 N/mm?, which can be significantly im-
proved through work hardening and especially by adding
nitrogen, typically around 0.12 to 0.22 % /11/. Stainless steel
is easy to weld, although there is a difference depending on
the type. For example, austenitic stainless steels, particu-
larly the AISI 300 series, are easier to weld than martensitic
and ferritic steels, which belong to the AISI 400 series. The
AISI 304L and AISI 316L stainless steels, which are the
focus of our work, are the most commonly used for general
applications, containing 18 to 20 % Cr and 8 to 10.5 % Ni.
Due to the low carbon content, they are less prone to carbon
release during welding. AISI 304L and AISI 316L steels are
widely used for general applications because their 18 to
20% Cr and 8 to 10.5% Ni content give them good
mechanical properties and excellent corrosion resistance.

It has been observed that welding parameter values vary
significantly from one article to another, heavily dependent
on the material's nature and the sample's cross-section /1-3/.
Therefore, making an objective comparison between these
results is very challenging. Hassan et al. /22/, Arzour et al.
/1/ identified a parameter that plays an important role in the
evolution of the mechanical properties of the welded joint.
These authors, part of the USTHB group, successfully
explained that during a portion of the friction phase, the ini-
tial microstructure of the metal is altered twice around the
joint interface: first during the temperature rise to its peak
value, and second during the subsequent temperature
decrease until the end of the friction phase. Research on
welding continues to gain momentum with the advancement
of technology and the increasing complexity of industrial
installations. Welding remains the most widely used assem-
bly method in various aspects /1-4/. Consequently, welding
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inherently involves materials, as it utilises human-made sub-
stances combined with a heat source, which can take differ-
ent forms /4/, such as arc welding /5-6/, gas welding /7-8/,
friction welding, and others /9-10/. The most critical param-
eters of this process are those that influence the nature of
the joint, including design characteristics and specifications,
speed, time, and cost /11-14/. Ultimately, the aim is to
achieve superior mechanical properties for a welded joint.
The parameters employed in welding operations are further
discussed in this work. According to the results of several
published research studies, friction welding is one of the
most cost-effective and environmentally friendly assembly
processes, applicable to a wide range of materials, including
steel, aluminium, crystalline and semi-crystalline polymers,
among others /15-18/. The ideal weld is one that ensures
continuity in mechanical, metallurgical, and physical prop-
erties between joined parts, making the weld indistinguish-
able from the surrounding metal.

METHODOLOGY

Experimental test: material, tension test and NDT

This section is dedicated to presenting the material used
in this research, with particular emphasis on the welding
parameters. The following outlines all the experimental con-
ditions under which the study is conducted, the chosen
methodology, the materials, the techniques, and the equip-
ment utilised to successfully carry out the investigation.

Rotary friction welding operations

The fundamentals of friction welding are straightforward.
At the beginning of the process, two components are brought
into contact, creating a resistive torque due to the applied
frictional forces. The energy generated is converted into heat,
causing the temperature to rise to its maximum value, which
remains below the melting point. This period is referred to
as the first stage of friction phase. Subsequently, some of the
accumulated heat begins to diffuse, and during this stage, a
portion of the plasticised metal starts to be extruded under
the effects of rotation and frictional pressure, leading to the
formation of the characteristic flash associated with welding.
This period, known as the second stage of the friction phase,
plays a significant role in determining the final microstruc-
ture of the welded joint. The rotating piece is then disen-
gaged from the chuck and rapidly decelerated. Figures (1 -
a, b, ¢) illustrate the steps of rotary friction welding.

Figure 1. a) Initial positioning of two pieces to be welded; b) result of
friction between the rotating piece on the left and the piece subjected
to axial translation F1, leading to an increase in temperature around
the interface of the two parts; c) heat diffusion accumulated during
rotation, which allows for the forging process restrained by the
application of an axial force F2.
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The welding operations are performed using a direct-
drive friction welding machine. This study begins with the
optimisation of welding parameters, focusing on friction
pressure and time at a constant rotational speed of 3000 rpm,
with the objective of analysing the effects of forging time
and pressure on joint quality. Figure 2 shows an example of
a weld joint obtained through rotary friction welding.

Figure 2. Profile of a friction weld joint.

Means and material used

From a practical standpoint, we welded stainless steels
from the AISI 304L and AISI 316L series which are among
the most commonly used for general applications due to
their chromium content of 18 to 20 % and nickel content of
10 to 12 %. For all our operations, we used samples with a
length of 45 mm and diameter of 12 mm, cut directly from
6 m bars. After cutting, special attention is given to ensur-
ing the flatness of the surfaces that would be brought into
contact during welding.

Welding parameters

During our welding operations three friction times are
used for the same friction pressure and for the forging time
and pressure, which are broken down as follows.

Table 1. Welding parameters.

Velocity Friction Frictional Forging pressure  Forging
of rotation time  pressure (MPa) time
3000 min”!'  5s 140 MPa 0, 280, 300 0s,5s,8s

Non-destructive testing

Three tests were made on welded joints compared to those
made on base material; these are penetrant testing, radiog-
raphy and ultrasound.

Penetrant testing

This method is employed to detect surface defects around
the welded joint. Joint surfaces must be thoroughly cleaned
before inspection to remove all impurities using a solvent,
ensuring more accurate results. For this purpose, we used
five products in sequence: solvent, penetrant, developer,
water, and clean cloths. First, the penetrant is applied to the
surface of the welded joint to highlight any open disconti-
nuities. After 15 to 20 minutes, excess penetrant is removed,
allowing the surface to dry, and the developer is applied.
The developer's application enables capillary action to draw
out the penetrant from within the defects, causing coloured
indications to appear by contrast against the white back-
ground of the developer.

Radiography

The objective of using radiography is to detect internal
defects that could be detrimental to the weld. The equipment
used includes: a Control panel, a COMET generator, and a
View box (for interpreting images). During the process, the
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receiver is exposed to an X-ray beam passing through the
material. The material absorbs the radiation based on its
composition and density, producing a grayscale image of
the material's internal structure on the receiver. In the
presence of defects, this typically results in darker or some-
times lighter shades on the radiograph.

Ultrasonic testing

There are two types of ultrasonic tests: manual and auto-
matic. The latter is not suitable for small parts, so we uti-
lised the manual type. The equipment required includes an
ultrasonic pulse unit (A-scan). Specifically, an OLYMPUS
EPOCH 600 device with serial number 110113301, operat-
ing at a frequency range between 1 and 20 MHz, and a bottle
of oil. Initially, oil is applied to the interface between the
transducer and the part being examined. The piezoelectric
element of the transducer generates mechanical vibrations
that propagate through the part, reflecting off its surfaces.
Part of the acoustic beam is intercepted by any defects and
reflected back to the transducer, which converts the vibra-
tion into an electrical signal. On the display screen, a char-
acteristic echo appears at a specific time base distance,
allowing for detection of defects, their location, and extent.

Tension testing

Rotary friction welding (RFW) between two contacting
surfaces generates a heat flux around the interface. In this
process, one sample remains stationary while rotating and
the other moves linearly under the influence of an axial
force. The movement of the two pieces increases the tem-
perature to around 1000 °C, depending on the friction
between the surfaces, the material's conductivity, and the
diameter used. This temperature reduces the solid material
around the interface to a plastic state. As friction decreases
and the temperature begins to drop upon exposure to air due
to rotation, the process transitions into the forging phase.
This marks the creation of a new deformation zone by
contact, intensifying material consumption and defining the
final shape of the flash, as shown in Fig. 3.
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Figure 3. Example of nominal tensile curve of friction welding
operation.

Tensile tests are carried out on an INSTRON 5500 uni-
versal testing machine with a load capacity of £100 kN. All
tests are carried out under the same welding conditions,
under a quasi-static strain rate of 1.6-10 s\, Regardless of
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the gasket configuration, specimens are cut in the axial direc-
tion according to standard specification of ISO 6892-1:
2009 (F), an effective diameter of 6 mm was retained, the
line of the gasket interface is placed in the centre of the
specimen. This allowed the use of an extensometer, placed
on either side of the gasket interface. Nominal tensile curves
are recorded in stress-deformation, concerning the base metal
and welded joints, by use of AISI 316, AISI 304, Fig. 4.
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Figure 4. Nominal post-weld tensile tests: AISI 316L for different
diameters (left); and AISI 304 L for different welding times (right).

RESULTS AND DISCUSSION
Friction welding operations on AISI 304L and AISI 316L

In this study, five welding operations are performed to
analyse the effects with and without forging. Three forging
pressure values are selected (0, 280, 300 MPa) and friction
times (0, 5, 8 s) as shown in Table 2. Non-destructive test
was initially conducted on pieces intended for welding and
then on the welded pieces, including both with and without
flash. The welded samples are shown in Fig. 5, and Table 2
summarizes the obtained results.

Table 2. Conditions of welding operations.
Effect of friction time on AISI 304L

Conditions RIS
Rotational speed (rpm) 3000
Frictional pressure (MPa) 140
Friction time (s) 5
Forging pressure (MPa) 0 [280)300[280 300
Forging time (s) 0 515|188

Effect of friction time on AISI 316L

Conditions @A [BO[O]E
Rotational speed (rpm) 3000
Frictional pressure (MPa) 140
Friction time (s) 4 5179711
Forging pressure (MPa) 280
Forging time (s) 5

Non-destructive testing

There are different types of defects when it comes to a
weld, these defects can be detected and listed by non-de-
structive testing techniques. This section deals with NDT
tests, such as penetrant test, ultrasound and radiography.
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Figure 5. Different situation of positions of welding.

Penetrant test

Penetrant tests of the five seals for AISI 316 reveal that
there are no defects leading to the surface, for the friction
times shown in Fig. 5, A and B.

Figure 7. Penetrant inspection of joints, conditions 1-5.

X-ray

Figures 8, 1 to 5 display radiographic images obtained
for five welding conditions. This inspection is visual, based
on colour changes at the weld joint over a limited area. If the
colour changes to a different hue, it indicates the presence
of volumetric defects due to penetration. Additionally, it is
worth noting that the quality control of welded joints ob-
tained through X-ray inspection is also performed on AISI
316L, as shown in Fig. 9.
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—

Figure 8.1, 8.2. X-ray inspection, workpieces 1, 2, sides A, B.

_ .
— PR
B

Figure 8.3, 8.4. X-ray inspection of the third piece side A, side B,
and fourth piece side A, side B.

Figure 8.5. X-ray inspection of fifth piece side A, side B.

Condition (A)

Condition (B)

Condition (C)

Condition (D)

Condition (E)

Figure 9. X-rays of welded joints (conditions A, B, C, D and E).

In these images we note the presence of post-X-ray exam-
ination defects, which results in an area where the colour is
lighter or much darker. The use of this technique on all joints
welded by rotary friction shows that no defects appear for
the five conditions, Fig. 9, and the result shows that this
process generates fewer macroscopic volume defects.

Ultrasonic test

This examination is also visual. The appearance of peaks
between the initial peak and baseline peak indicates the pres-
ence of a defect at a distance shown on ultrasonic device
screen. If peak amplitude is larger, the defect is more sig-
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nificant, and vice versa. The following Figs. 10 display results
obtained from the ultrasonic device in the form of peaks.

Figure 10a. (left) condition (1), (right) condition (2); a) with bead,
b) without bead.

i )
Figure 10b. (left) condition (3), (right) condition (4); a) with bead,
b) without bead.

Figure 10c. (left) condition (5), (right) condition (A); a) with bead,
b) without bead.

Figure 10d. (left) condition (B), (right) condition (C); a) with bead,
b) without bead.

Figure 10e. (left) condition (D), (right) condition (E); a) with bead,
b) without bead.

For the pieces with flash, two adjacent peaks appear under
all five conditions. This result may be attributed to disconti-
nuities around the flash, creating the impression of a defect.
Additionally, peak intensity is nearly consistent across all
cases, indicating that the examination of pieces with flash
does not provide reliable information (Figs. 10 c and d-left).
In contrast, the analysis of pieces without flash reveals a
single peak under all five conditions. Peak intensity is at its
maximum and exceeds the threshold for the first two condi-
tions (A and B), corresponding to pieces welded with friction
times of 4 and 5 s, in respect (Figs. 10 c-right and d). Subse-
quently, the peak intensity decreases with increasing friction
time for the last three conditions, with times of 7, 9, and 11
s, in respect.
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XRD analysis

X-ray diffraction (XRD) analysis of the AISI 316/AISI
316 welded joints reveals a different spatial distribution of
austenite in two cases: the weld bead (3™ stage of the fric-
tion phase, 5.26 s) and the thermally treated piece (7=
820 °C, holding time 0.5 h, and air cooling) compared to
the base metal. XRD results indicate grain refinement in the
thermally treated case; however, in the welding case, we
observe that refinement is limited to the core (Fig. 11).
Additionally, no phase changes are detected, confirming that
welding parameters are effectively controlled in this regard.
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Figure 11. XRD analysis profile: base metal (EchM), 3" stage of
5.26 s friction phase (Ech X5), and heat treated (EchHT).

EDX analysis

An analysis by EDX concerning the AISI 316/AISI 316
joint for a time of 5.26 s of the 3™ stage of friction phase,
measurements made on the weakly deformed zone (ZFD)
and the highly deformed plastic zone (ZPHD) thermo-me-
chanically, confirms the good distribution of alloyed elements
(Fe, Mo, Cr, Ni) in the weld seam (Figs. 12 a and b).
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Figure 12. a) Examples of EDX, b) EDX analysis profile (5.26 s),
(AISI 316-AISI 316).
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The results of EDX analysis (Fig. 13), confirm that AISI
316 is more refractory than AISI 304, since alloyed by an
amount of Cr and Mo, the latter has a great capacity to
preserve the heat generated by the welding process which
results in a low cooling rate and softening on the AISI 316
side due to grain growth.
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Figurel3. EDX profile for the case 3.76 s, AISI 316/AISI 304.
CONCLUSIONS

In this work the objective is twofold: first, to investigate
the effect of friction phase duration; and second, to assess the
impact of two different forging times on weld quality. To
achieve this, NDT methods are applied to all joints. The study
includes two austenitic steels, AISI 304 and AISI 316.

Dye penetrant tests reveal surface discontinuities due to
the use of penetrant liquid. This technique, while easier and
less costly compared to methods as radiography and ultra-
sonic testing, shows the following.

For AISI 316, no defects are detected across all five con-
ditions (A to E). For AISI 304, the absence of forging results
in surface defects on the joint (condition 1), highlighting
the importance of the forging phase.

The appearance of certain defects in joints for conditions
(3) and (5) may be attributed to increased forging pressure.

Following the dye penetration analysis, X-ray inspection
is performed on the same samples. This confirmed that ro-
tary friction welding produces fewer macroscopic volumetric
defects under AISI 304 steel welding conditions, with no
macroscopic defects observed.

A third analysis using ultrasonic tests reveals that defect
size increases when: friction time is shorter, around 4 and 5
seconds; however, for the last three conditions with friction
times of 7, 9, and 11 s, the defect size is very small. The no-
forging condition (condition 1) shows the largest defect
size. Forging pressure significantly affects defect size re-
duction, with defects disappearing in conditions (3) and (5).

Based on these findings, it is preferable to weld AISI
316 using conditions (C), (D), and (E) to minimise defect
size and quantity.

Following the dye penetration analysis, X-ray inspection
is performed on the same samples. This confirmed that rotary
friction welding produces fewer macroscopic volumetric
defects under AISI 304 steel welding conditions, with no
macroscopic defects observed. The results are confrimed by
refrerences /24-25/. A third analysis using ultrasonic tests
reveals that defect size increases when friction time is
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shorter, around 4 and 5 seconds. However, for the last three
conditions with friction times of 7, 9, and 11 s, the defect size
is very small. The no-forging condition (condition 1) shows
the largest defect size. Forging pressure significantly affects
defect size reduction, with defects disappearing in conditions
(3) and (5). Based on these findings, it is preferable to weld
AISI 316 using conditions (C), (D), and (E) to minimise
defect size and quantity, /26/.
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