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This study focuses on the effect of friction pressure on the welding joint strength of AISI 316. Single
factor method was used to evaluate the influence of friction pressure, whilst the other conditions kept
constant. The experimental data were achieved by temperature measurement using infrared
thermometer and thermometer by touch, where hardness Hv10 and micro-hardness Hv0.1 realized along
the axial direction, tensile test specimen with 8 mm effective diameter, scanning electronic microscopy
(SEM) to observe tensile fracture surface and x-ray diffraction (XRD) to analyze the concentration of
gamma iron. The results by high friction pressure provide increased temperature during friction and
forging phase, elevated hardness and micro-hardness values at the welding center, improved ductility
and ultimate tensile strength (UTS). Whilst the central region of tensile fracture seemed most ductile
mode and presence of micro-porosities with different forms and dimensions, hence concentration of
face centered cubic (FCC) structure of gamma iron clearly revealed at level of 111.
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1. INTRODUCTION1
Austenitic stainless steel AISI 316 is used for various
applications in chemical, manufacture of textile
equipment, marine, and electrical appliance industries,
etc. This type of steel is similar to AISI 304, but with
addition of molybdenum to improve its resistance to
pitting corrosion and resistance at high temperatures.
Moreover, AISI 316 is easy to weld by fusion welding
techniques, but it is prefered to avoid fusion welding
due to phase transformations occuring in the welding
and heat affected zones [1], also creating intermetallic
compounds due to high amount of heat input [2], hence
leading to loss of some useful original mechanical
properties of the metal [3].
Considering
all
aspects,
conditions
and
disadvantages, several studies have suggested replacing
fusion welding by modern techniques such as friction
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welding [4]. This technique is one of the solid state
welding processes which provides welding below the
melting temperature of the metal being joined. It is also
subdivided mainly into two most prominent processes:
direct drive [5-6] and friction stir [7-11]. The direct
drive friction welding is a technique which creates
joining by heat developed between contact surfaces
under the effect of rotation speed and applied pressure,
one of the parts is stationary whereas the other is
rotating and the two still in contact with each other until
rotation stops abruptly, where the pressure increases to
complete welding joint. This technique is preferred
because
of
sub-melting
temperature,
high
reproducibility, and low input energy, easy and fast
procedure with reduced formation of the inter-metallic
compounds [6, 12].
Several researches have been reported the influence
of the friction pressure on the properties of welding
joint [13-14]. In general and according to earlier studies,
friction pressure should be always kept high to obtain
elevated strength of welding joint, because of low
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friction pressure rendering lack of bonding [15].
Friction pressure is a significant parameter in changing
tensile strength and hardness followed by forging
pressure and speed of rotation. Note that high friction
pressure increases hardness and tensile strength due to
higher friction pressure lead to more heat generation
[16].
It is worthwhile to mention that some works
explained the effect of temperature and thermal curve
during friction welding process [14, 17-18]. Since the
temperature in the welding center is low relative to the
peripheral [19], H. Ma et al. [14] and E. P. Alves et al.
[20] support the idea of measuring the temperature at
the center. Therefore, the present study explains the
relation between friction pressure and temperature
measured in the welding center cause of this relation
had a low importance in the previous articles. The
welding temperature created from high friction pressure
and rotation speed will determine the nature of forging,
and that will affect the welding joint strength.
2. MATERIALS AND METHOD
The steel used in the current study is commercial
austenitic AISI 316 stainless steel with Ref. No. 4401.
The metal received as a long shaft of 6 m length and cut
to small pieces, 45 mm length and 12 mm diameter. The
general properties are shown in the tables below. Table
1 illustrates the chemical composition showing the
amount of alloying elements added to the base metal.
Tables 2 and 3show the mechanical and physical
properties of the parent metal, respectively.
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Figure 1 explains the flow chart of procedure of friction
welding steps, after initializing of the welding machine
end effector and selects welding conditions, provide
tests of temperature, mechanical and metallography to
obtain the results and understand the behaviour of
friction pressure influence on the joint strength. Figure 2
exposes the variation of friction welding conditions,that
is friction and forging pressure during time of welding.
It also shows evolution of flash during heating cycle
under the effect friction and forging pressure.
The machine used in this study was designed and
fabricated as a direct drive friction welding machine; it
is controlled numerically by computer to examine the
welding conditions. The machine is shown in Figure 3;
its operating speed can be varied from 0 to 3000 rpm,
and a maximum pressure of 300 MPa can be applied.
Selection of the welding conditions were depending on
the single factor method (Table 4) by changing one
condition and keeping the others constant. This
procedure was time consuming and required hard work,
but achieved better vision on the performance of
welding joint. Thus, there were other factors considered
for the selected friction welding conditions, such as
work-piece dimensions, nature of metal and refer to the
previous researches [1, 6, 14-15, 19].

Initialize of direct drive friction welding end effector

Select friction welding conditions: rotation speed, friction
pressure, friction time, forging pressure and forging time

Temperature measurement

Mechanical and Metallography tests
preparation

Calculation of temperature effect

Analysis of Mechanical and
Metallography tests

TABLE 1. Alloying elements of base metal (spectrum, wt. %)
C
0.070

Mn

Si

P

S

Mo

Cr

Ni

1.500

0.670

0.030

0.021

2.933.00

17.9318.00

9.9510.00

Discussion and conclusion

UTS
(MPa)
670 680

Young’s
modulus
(MPa)
≈ 1.93
105

Elongation
(%)

Average microhardness (Hv0.1)

Average
hardness
(Hv10)

≈ 45

260 - 265

203 - 206

TABLE 3. Physical properties of the test metal (as received,
Ref. No. 4401)
Density
(g/cm3)
8

Specific heat (j/kg.
Thermal
°k) 0-100°C
conductivity (w/mk)
5

16.00-16.20

Figure 1. Flow chart of friction welding procedure

Friction time

Welding conditions

TABLE 2. Mechanical properties of base metal (as received,
Ref. No. 4401)

Brake

Forging time

Forging pressure

Rotation speed

Friction pressure

T. melting
(°C)
1371-1400

Time (s)

Figure 2. Diagram of direct drive friction welding conditions
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Welding temperature recorded near the center of the
interface of the stationary part (Figure 4). The
temperature was recorded and verified by two methods
as revealed in Figure 3, first one is thermometer by
touch from type K with wire diameter of 0.5 mm and
maximum temperature is 1400 °C (± 50°C), while
second one is infrared thermometer (remote) from type
K with maximum temperature is 1350 °C (± 50°C).
Scaning electronic microscopy (SEM) performed by
JEOL JSM-6360 with magnifications of X 27 and X
150. X-ray diffraction (XRD), on the other hand,
achieved by X’Pert PRO PANalytical. Whereas
macroscopic observations were carried out by optical
macroscopic from type NIKON SMZ 745T to measure
the form of flash. SHIMADZU HMV testing machine
were used in ambient temperature conditions for microhardness measurements in axial direction. While, The
test pieces were polished with abrasive paper up to 1200
grit follow by 1 μm diamond paste on light disc cloth
and oiled by ethanol and cleaned via deionized water.

1

2

3

Figure 3. Friction welding machine and the two
thermometers, 1. welding machine; 2. Infrared thermometer
(remote); 3. Thermometer by touch
45 mm
b

a

Thermometer wire

Stationary piece

Vickers micro-hardness conditions were 100 gf load for
10 s. Whilst Vickers hardness test measurements
achieved by INSTRON WOLPERT HARDNESS tester
analyzed along the axial direction also, with 10 kg load
applied for 10 s. The tensile tests were performed by
using INSTRAN 5500 with 8 mm diameter under the
standard of ISO 6892-1: 2009 (F).
3. RESULTS AND DISCUSSION
The thermal curves as shown in Figure 5 introduced the
average values of temperature versus time. The rubbing
between two pieces increased the temperature at the
interface until reaches the maximum value (T max), while
the metal at that point still in the solid state. The created
heat converted the solid metal to soft state, which is led
to decreased the friction and that gradually reducing
temperature. Under high rotation speed and pressure,
the metal extruded from central to the peripheral to form
flash metal. At the end of friction phase the rotation
stops suddenly and the pressure increased at level of
temperature which is called forging temperature (T f)
during forging phase period, this temperature has an
important influence on the obtained welding joint.
The relation between Tmax and Tf as shown in Figure
6 exposed that Tmax regularly increased with higher
friction pressure, the variation of maximum temperature
between 793 °C - 1057 °C, that make clear of friction
pressure elevation influences on the maximum
temperature (Tmax), hence forging temperature (Tf)
roughly increased between 299 °C - 445 °C. In general,
friction pressure has a direct proportional with Tmax and
Tf. Remarkable, with low friction pressure, the forging
performed in low temperature and that consequently
effected on the final properties of the joint.
The macroscopic observation as shown in Figure 7
represented the amount of flash formation of four
friction pressures. Notes that with increasing friction

1200
Tmax

Friction
time (s)

Friction
presssure
(MPa)

Forging
time (s)

3000

12

150
170

972 °C; 150 MPa

800

793 °C; 110 MPa

Temperature ( C)

600
Tf

Forging
pressure
(MPa)

445 °C; 170 MPa
383 °C; 150 MPa

400

303 °C; 130 MPa
299 °C; 110 MPa

200

110
130

1057 °C; 170 MPa

1000

891 °C; 130 MPa

TABLE 4. Friction welding conditions
Rotation
speed
(rpm)

Forging phase

Friction phase

Figure 4. Thermometer by touch, position of the wire into the
center of stationary piece, a: axial shortening + 0.5 mm; b:
penetration distance of thermometer wire into center of
stationary piece
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Figure 5. The thermal curves for the average values of
temperatures versus time for different friction pressure
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Max. temperature ( C)

1000

Forging temperature ( C)

Temperature ( C)

900
800
700
600
500
400
300
200
110

130

150

170

Friction pressure (MPa)

Figure 6. The relation between maximum temperature (Tmax)
and forging temperature (Tf) for different friction pressure

pressure; high amount of flash formation can be
obtained [13, 15]. Obviously, Figure 8 reveals that
inceasing friction pressure elevated axial shortening,
that because of increasing in friction pressure leads to
rising Tmax and Tf, which provide enough superheating
and amplified the displaced metal from central to the
peripheral under effect of friction pressure and rotation.
The amount of flash formation depends on the
mechanical properties of the metal being welded [21]
such as hardness [22] also relies on the quantity of
alloying elements and capability of thermo-plastic
deformation [6], furthermore, presence of Cr, Ni and
Mo provide stainless steel to be refractory, which
requires more presssure and temperature during friction
welding phases to obtain considerable amount of flash
formation.
The hardness obtained along the axial direction
(Figure 9) recorded the highest values at the welding
interface, this increasing of hardness due to high friction
pressure application [19]. While, shows falling of
hardness when moving from central toward the base

metal, the increasing of hardness perhaps explained by
the thermo-plasic deformation which exist in the
interface resulting from dynamic recrystallisation,
particularly at high friction presssure and temperature.
P. M. AJITH et al. [16] agreed that with increasing
friction pressure leads to high level of hardness at the
interface due to dynamic recrystallization which results
fine grains, there are also another source which is the
high temperature at tangential area.
Micro-hardness profiles for axial direction as
demonstrated in Figure 10, explain the effect of friction
pressure has responsibility on the micro-hardness
increasing of welding interface [13]. Moreover, due to
high friction pressure with high rotation speed increased
the
superheated
which
produces
dynamic
recrystallisation. F.C. Liu, and T. W. Nelson [23]
revealed that when the metal subjected to high plastic
deformation under high temperature the dynamic
recrystallisation occurs. On the other hand, the microhardness decreasing in the adjacent zone, due to amount
of Mo. According to the alloying elements as shown in
Table 1, AISI 316 has 2.93 % of Mo, that made the steel
more refractory and led to reduce cooling rate speed and
slow of heat diffusion causing decreasing microhardness at neighboring zone of welding joint [6].
Tensile test curves shown in Figure 11 illustrates the
effect of friction pressure on the ultimate tensile
260

110 MPa
130 MPa
150 MPa
170 MPa

250
Hardness (Hv10)

1100
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240
230
220
210

Welding interface
AISI 316: 205 Hv10

200
-6
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-4

-3

-2

4 mm

310

290
Microhardness (Hv0.1)

Axial shortening (mm)

16

10
8

1
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3

4

5

6

110 MPa
130 MPa
150 MPa
170 MPa

300

12

0

Figure 9. Hardness profile for axial direction
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Figure 7. Flash formation for different friction pressure
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Figure 8. Axial shortening vs. friction pressure
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Figure 10. Micro-hardness profile for axial direction
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strength (UTS) and ductility, the curves reveal also the
values of UTS varied from 649 MPa to 667 MPa for
friction pressure of 110 MPa to 170 MPa respactively,
whilst ductility increased from 24 % to 29 % for friction
pressure of 130 MPa to 170 MPa respactively. Explain
this increasing of UTS and ductility by elevation of
friction presssure because of thermo-plastic deformation
in the bond line increases, which lead to more mass
displaced at the interface [13]. I. Kirik and N. Ozdemir
[21] exposed that high tensile strength was refer to more
heat input and large plastic deformation at the interface
under effect of high rotation speed. Moreover, rotation
speed has important influence on the UTS, with high
rotation speed UTS increases, while with low rotation
exhibited a reverse trend, that because of heat
generation elevates with high rotation speed. This
phenomenon also observed in friction stir welding as
mentioned in the references [10, 24]. Thus, the elevation
of temperature at the two phases (friction and forging)
has large consequence on the value of UTS and
ductility. Finally, high friction pressure (170 MPa) and
high rotation speed (3000 rpm) cause elevated
temperature (1057 °C), that lead to high level of
hardness and micro-hardness at the interface, and also
elevation in UTS and ductility.
Figure 12 illustrated, on the other hand, the tensile
specimens after tests, the figure exposed the position of
fracture in the region close to the welding interface,
elongation in the gauge length and the necking in the
fracture position explained the amount of heat input at
this region. In addition, the reduction in across sectional
area (necking) provided more explanation about
ductility than elongation of gauge length. Therefore, the
110 MPa
X2_8mm
130 MPa
X4_8mm
150 MPa
X1_8mm
170 MPa
X3_8mm

700

650

necking proved of ductility nature of fracture for 170
MPa more than in 110 MPa, this is also agreed with the
tensile curves.
SEM observation for tensile fracture surface as
shown in Figure 13 appears the spirals shape on the
fracture surface for the friction pressure of 110 MPa and
170 MPa. The thermo-plastic deformation demonstrates
by existing of that spirals shape on the fracture surface.
Furthermore, the degree of thermo-plastic deformation
seems according to the amount of spiral forms, while
the phenomenon of spiral occurs due to metal flow
neighboring of weld [6]. In addition, the result of
aggressive friction pressure at elevated temperature and
high rotation occurs that type of spiral forms. Whilst,
magnification of central region of fracture seems most
ductile mode with micro-porocities of different forms
and dimensions. This mode of ductile fracture looks
more clear at 170 MPa, which have the same opinion
with the results of tensile curves as discussed earlier.
XRD analysis for friction pressure of 110 MPa and
170 MPa with compared to the base metal as shown in
Figure 14. The concentration of FCC structure of
gamma iron at level of 111 was evidently. This
concentration gives explanation of thermo-plastic
deformation due to thermomechanical strain because of
high rotation speed under application of aggressive
friction pressure. On the other side, the elevated
temperature during process and nature of metal play
major roles on the properties of welding joint.
Additionally, amount of alloying elements, particularly

Fingerprint
Fingerprint

UTS for AISI 316: 670 MPa

Stress (MPa)

600

550

500

Micro-porocities

Micro-porocities

450

400
0

0,05

0,1

0,15

0,2

0,25

0,3

Strain (mm/mm)

110 MPa
170 MPa
Figure 13. SEM observation for 110 MPa and 170 MPa

Figure. 11. Curves of tensile tests for all welded joint relative
to UTS of AISI 316

Fracture position
110 MPa

170 MPa
5 mm

Figure 12. Macro-graphic of tensile test pieces

Figure 14. XRD analysis for 110 MPa, 170 MPa and AIS 316
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Mo element effects on the quantity of heat diffusion or
absorptions because of cooling rate that give Mo ability
to effect on the phase attentiveness in the welding joint.
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The effect of friction pressure on the evolution of the
welding joint properties for AISI 316 summarized as
following:
- Friction pressure has a direct proportional with
maximum temperature (Tmax) and forging temperature
(Tf), that gives enough superheat which responsible on
high amount of flash formation. On the other hand, with
low friction pressure, the forging performed in low
temperature and that consequently effected on the final
propertie of welding joint,
- The hardness and micro-hardness variations recorded
that the highest values at joint center, this elevation due
to high friction pressure application. Whereas, shows
falling of hardness and micro-hardness when moving
from central toward the base metal,
- Tensile test curves shown increasing of UTS and
ductility by elevation of friction presssure and due to
used of high rotation speed led to increases of UTS,
- SEM observation seemed the degree of thermo-plastic
deformation according to the amount of spiral forms,
that result of aggressive friction pressure at elevated
temperature and high rotation. Whilst, magnification of
central region of fracture seems most ductile mode with
micro-porocities of different forms and dimensions.
This mode of ductile fracture seems more clear at 170
MPa,
- XRD analysis exposed the concentration of FCC
structure of gamma iron at level of 111 due to
thermomechanical strain at high rotation speed and
aggressive friction pressure application. Thus, Mo
element effects on the cooling rate which give it ability
to effect on the phase attentiveness in the welding joint,
- Concerning the grade AISI 316, increasing of friction
pressure (170 MPa) with high rotation speed (3000 rpm)
cause elevated temperature (1057 °C), which lead to
high level of hardness and micro-hardness at the
interface, and also elevation in UTS and ductility. On
the other hand, low friction pressure provides poor
properties of welding joint.
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Persian Abstract

چکیده
 در حالیکه،  برای ارزیابی تأثیر فشار اصطکاک از روش تک عاملی استفاده شد. متمرکز استAISI 316 این مطالعه بر روی تأثیر فشار اصطکاک بر مقاومت اتصال جوشکاری
Hv0.1  و میکروسختیHv10  جایی که سختی،  داده های تجربی با اندازه گیری دما با استفاده از دماسنج مادون قرمز و دماسنج با لمس.سایر شرایط ثابت نگه داشته می شوند
 سطح. به دست آمد، ( برای مشاهده کشش به دست آمدSEM)  میکروسکوپ الکترونی روبشی،  میلی متر8  نمونه آزمایش کششی با قطر موثر، در امتداد جهت محوری
 مقادیر سختی و ریز،  افزایش دما در مرحله اصطکاک و جعل،  نتایج حاصل از فشار اصطکاک باال.( برای تجزیه و تحلیل غلظت آهن گاماXRD) شکستگی و پراش اشعه ایکس
 در حالی که ناحیه مرکزی شکستگی کششی به نظر می رسد بیشتر.( را فراهم می کندUTS)  شکل پذیری بهبود یافته و مقاومت کششی نهایی، سختی باال در مرکز جوشکاری
 نشان داده111 ( آهن گاما به وضوح در سطحFCC)  از این رو غلظت ساختار مکعب صورت محور، حالت شکل پذیری و وجود ریز تخلخل ها با اشکال و ابعاد مختلف باشد
.شده است

