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Present study focuses on the micro-structural and mechanical behavior effect of friction time for similar
(AISI 316-AlS1 316 and AlSI 304-AlS1 304) and dissimilar (AISI 304-AlSI 316) joint during continuous
drive friction welding. The welding carried out with different friction time: 6.5, 8.5 and 10 s while kept
all other conditions constant. The effect of that time on the strength, structural and behavior of welded
metals was investigated by Energy Dispersive Spectroscopy (EDAX), Scanning Electron Microscope
(SEM), micro-hardness and tensile test. The obtained results illustrated that the friction time extended
was responsible on some harmful mechanical and micro-structural properties of the welded joint.
Therefore, increasing in friction time is led to reduce of Ultimate Tensile Strength (UTS), reduce of
ductility, increasing in level of micro-hardness and larger HPDZ, that was clearly observed in similar
joint (AISI 316-AlSI 316 and AISI 304-AlSI1 304).

doi: 10.5829/ije.2019.32.02b.16

1. INTRODUCTION

Friction welding has been used in several industrial
applications such as manufacturing, transportation,
aerospace and nuclear field. Among the friction welding
techniques, friction stir [1-3] and continuous drive [4-7]
are the most popular. During continuous drive, one of the
parts is held stationary while the other rotates and the two
are being brought into contact of each other. The friction
between the contact parts produced by a combination of
rotation and compression force applied, which is
resulting energy transformed into heat. This technique
has some practical features, for example, low
temperature, short time, reproducibility, low heat input
and allows assembly of similar or dissimilar materials [4-
6]. Various works considerd the effect of friction welding
conditions on the micro-structural and mechanical
properties of welding joint [4-8]. Currently, short friction
time and high rotation speed obtained high tensile
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strength [7-8]. Thus, this effect revealed at high welding
speed in friction stir welding [2], also obtained low heat
input and better corrosion resistance [9].

There are two periods of time during friction welding
cycle, one for friction phase and the other for forging
phase [4-8]. Therefore, to illustrate the friction time
effect, Hassan et al. [10] separated friction phase time
into two steps and eliminate forging phase. High micro-
hardness values found at first step while very low values
were obtained at the second step. Consequently, present
study focused on the effect of friction time at high
rotation speed (3000 rpm) with joining of AlISI 316 and
AISI 304, that time has responsibility on the amount of
heat diffusion [6], which is carrying the great blaming on
behavior of metallurgical and mechanical properties of
the welding joint. However, the industrial necessitates
and because of several applications of AISI 316 and AlSI
304, the present study focuses on these types of austenitic
stainless steel
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2. MATERIALS AND METHOD

2.1.Parent Metals When the parent metals received,
presently, measured the chemical compositions of
elements by spectrometer and mechanical properties by
mechanical tests as respectively shown in Tables 1 and 2.
For optical microstructures were electrolyte etched by 10
g oxalic acid hydrate and 90 ml water at 15 V for period
of 300 s as showing in Figure 1. The figure illustrates the
austenitic equiaxed grains of AISI 304 are finer than
grains of AISI 316.

2. 2. Friction Welding Friction welding machine
used in this work was designed and fabricated as a
continuous  friction welding machine (Figure 2).
Whereas, selected welding conditions related to the

metals nature, samples cross-section and previous
articles [6, 8, 10]. Table 3 shows different friction time
and the following conditions were considered constant:
rotation speed 3000 rpm; friction pressure 130 MPa;
forging pressure 260 MPa and forging time 5 s.

For dissimilar welding joint according to their
mechanical properties, AISI 316 chucked in rotating part
while AISI 304 clamped in stationary once to obtain
uniform flash metal formation.

2.3.Temperature Measurement For each welding
operations, the generated temperature was measured at
the interface on the surface of the fixed part of the welded
joint, cause of the temperature of the peripheral region
would be higher [11]. The thermal curve as illustrate in
Figure 3 presents average temperatures versus time, it
can be seen the friction welding phases and their steps.

TABLE 1. Alloying elements of base metals (% wt)

Metals C Mn Si P S Mo Cr Ni
AISI 316 0.040 1.500 0.670 0.030 0.021 2.93 17.93 9.95
AISI 304 0.070 1.650 0.750 0.045 0.030 0.80 19.00 8.00

TABLE 2. Mechanical properties of base metals (as received; Ref. No. 4401 for AISI 316 and Ref. N0.4301 for AISI 304)

Young’s modulus

Metals Yield stress 0.1% (MPa) UTS (MPa) (MPa) Elongation (%)  Average micro-hardness (Hvo)
AISI 316 >550 670 - 680 =~1.9310° =45 260 - 265
AISI 304 > 600 760 - 780 =~1.9310° ~47 280 - 286

igu rostructures of base
316]; [right: AISI 304]

Hydraulic
unit

Figure 2. Friction welding process [10]

TABLE 3. Different friction time for similar and dissimilar

joint

Metals Friction time (s)
6.5

AISI 316-AlSI 316 85
10
6.5

AISI 304-AlSI1 304 85
10
6.5

AISI 304-AlSI 316 85
10

The friction between two parts increases the interface
temperature until maximum, while the metal still in solid
state until that point, the produced heat convert the metal
from solid to plastic state, which is lead to deceases in
temperature where the high compression force extrudes
metal from central to the peripheral to form flash metal.
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Flgure 3. Thermal curve seems friction and forging phase
time [AISI 304-AlISI 316, 10 s]

When sufficient energy is developed, the rotation stopped
and compression force increased, to forge the parts
together and obtained post-forge friction welding joint.
Noticed, the temperature reading was verified by
thermocouple type K with dia. 0.5 mm and range of
temperature between -50 to 1370 °C (x 50 °C, at high
temperature).

2.4.Metallography Macroscopic observations were
carried out by optical macroscopic from type NIKON
SMZ 745T. On the other side, the microstructure
observations were achieved by optical microscopy
NIKON ECLIPSE LV100ND. Hence, the test pieces
were electrolyte etched by 10 g oxalic acid hydrate and
90 ml water (STRUERS LECTROPOL-5) at 15 V for
period of 300 s.

2. 5 Mechanical Tests Micro-hardness
measurements Hvoi analyzed by SHIMADZU HMV
included micro-hardness survey along the axis of
rotation. While, tensile tests were performed by using
INSTRAN 5500 and carried out on the standardized test
piece 1SO 6892-1: 2009 (F), machined in the direction of
rotation axis (Figure 4). Tensile fracture surface and
EDAX were observed by SEM JEOL JSM-6360
(EDAX).

3. RESULTS AND DISCUSSION

3. 1 Macro-Microstructure of Welding Joints
Macroscopic views and the axial shortening for the three
friction times for similar and dissimilar joint are
demonstrating respectively in Figures 5 and 6. Large
amount of flash formation and high axial shortening have
seen at friction time increased, because of amount of heat
diffusive. Whereas, mechanical and thermo-physical
properties of two welded metals are

Rotating part

Stationary part

Figure 4. Tensile test piece

Figure 5. Flash formation (a) (AISI 316-AlSI 316), (b)
(AISI 304-AlSI 304) and (C) (AISI 316-AlSI 304)
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Figure 6. Effect of friction time on the axial shortening

responsible on non-symmetrical flash formation for
dissimilar joint [11].

Friction ~ welding generally  improves the
microstructure grains; it’s indicated by good friction
welding joint for AISI 316 and AISI 304, also no cavities
or cracks are being in the welding region. For similar and
dissimilar welding joints, the central region (high
plastically deformed zone HPDZ) consists of fine black
equiaxed grains (Figure 7), while the adjacent regions
(deformed zone DZ and partially deformed zone PDZ)
contain bent, elongated and parallel banded grains
(Figure 8). Average wide of HPDZ, DZ, PDZ for
different friction time: [HPDZ: 130 um, DZ: 350 um,,
PDZ: 550 um for 6.5 s (AlSI 316-AlSI 316)]; [HPDZ:
210 um, DZ: 600 um,, PDZ: 920 pum for 10 s (AlSI 316-
AISI 316)]; [HPDZ: 80 pm, DZ: 500 pm, PDZ: 900 pm
for 6.5 s (AISI 304-AlSI 304)]; [HPDZ: 100 um, DZ: 380
pm, PDZ: 910 um for 10 s (AISI 304-AlSI
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Figure 7. Optical microstructure of (a) (AISI 316-AlISI 316),
[left: 6.5 s]; [right: 10 s], (b) (AISI 304-AlSI 304), [left: 6.5
s]; [right: 10 s] and (C) (AISI 316-AlSI 304), [left: 6.5 s];
[right: 10 5]

Welding line y

Welding line v

Figure 8. Bent, elongaed and parallel banded grains for DZ
and PDZ (AISI 316- AISI 316), [left: 6.5 s]; [right: 10 s]

304)]; [HPDZ: 160 pm, DZ: 380 um, PDZ: 610 pum for
6.5 s (AISI 316-AlSI 304)]; [HPDZ: 250 um, DZ: 600
pum, PDZ: 880 um for 10 s (AISI 316-AlSI 304)].
Amount of thermo-plastic deformation can dictates
the dimension of HPDZ. Therefore, if the friction time is
shorter the dimension of HPDZ is narrow (Figures 7A,
7B and 7C left), as well as at longer friction time (Figures
7A, 7B and 7C right) the HPDZ is large. However, longer
friction time led for widen of heat diffusion toward the
axis of rotation and permit to lower cooling rate and
larger heat affected zone [6]. Although, HPDZ doesn’t
extend to the peripheral [11]; because of temperature,
dynamic recrystallization and thermo-plastic
deformation have not the same effect from central to the

peripheral. Grains refinement and narrow size occurred
at central region due to dynamic recrystallization [11, 12]
and thermo-mechanical-deformation effect,
consequently the welding quality [7]. Dynamic
recrystallization often occurs when the metal experiences
hard plastic deformation under high temperatures, the
post-forge interface joint will be obtain with densely
recrystallized grains  forms.  Furthermore, the
recrystallization phenomena affected by several
coefficients, such as deformation conditions, initial grain
size, metal chemical composition and crystal structure
[13].

3. 2. Mechanical Properties

3. 2. 1. Micro-hardness Profile The profiles of
micro-hardness along the axis of rotation are illustrated
in Figure 9 reveals the values of micro-hardness increase
clearly with increasing friction time around the center on
the two axes [14]. The micro-hardness profiles for AlSI
304-AlSI 304 joint have an average value reach about
280 Hvo 1. While, for AlISI 316-AlSI 316 joint the friction
time is shorter (6.5 s) shows there is a hardening in
rotating part and softening in stationary part because it
has little influence of mechanical action related to
rotating part (Figure 9). However, at longer friction time
(10 s) find symmetrical form of micro-hardness profile
for both sides (Figure 9). In the same method, can be
obviously in AISI 304-AlSI 316 joint a general softening
of micro-hardness profiles is also obtained for both sides.
If the friction time is shorter (6.5 s) the average values of
micro-hardness at HPDZ are in the level of AISI 316.
Hence, at longer friction time (8.5) the HPDZ has average
value of micro-hardness in level of AISI 304.

The values of micro-hardness are dictated by forging
application [6, 10, 11] and an interactive effect between
friction and forging [11]. Thus, the increasing in micro-
hardness at welding interface may be explained by high
plastic deformation and heating diffusion of material at
that region [14]. Consequently, the refinement of grains
size in welding center as shown in Figure 7 gives that
increase in micro-hardness level. The effect of friction
time can be confirmed the evolution of post- forging
mechanical properties, which are the aim of this work. If
longer friction time is obtained, more heat diffuses [4].
The latter under effect of axial pressure is responsible for
hardening of post-forging joint, where HPDZ is large and
the area of refinement grains is wide. Conversely, if the
friction time is shorter the heat diffusion is very low [5]
and the post- forging joint will be formed with a little
values of micro-hardness, where HPDZ is thin and the
area of refinement grains is contracted. The micro-
hardness profiles for dissimilar welding because of AlSI
316 is more refractory than AISI 304 (according to the
amount of Mo, and Cr) as shown in Figure 10, therefore,
it has ability to keep more amount of heat, that is leading
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to low speed of cooling rate and resulting of softening at
AISI 316 side because of grain growth (Figure 7).

3. 2. 2. Tensile Tests From tensile tests curves as
shown in Figures 11A and 11B it is observed that for
similar joint, longer friction time achieved low tensile
strength, low ductility, high level of micro-hardness and
larger HPDZ, while shorter friction time exhibited a
reverse trend cause of no enough time for heat diffusion.
Consequently, use of higher rotational speed and shorter
friction time increases UTS of welded joint [7].

On the other hand, for dissimilar joint (Figure 11c)
high ductility recorded for 6.5 s while high tensile
strength for 8.5 s, because of the mechanical and thermo-
physical properties of dissimilar joint have mainly
influence on the mechanical behavior of that joint
because the temperature achieved by every joint depends
on the thermo-physical properties of the two metals being
welded and on the selected period of friction time.
Therefore, the relations between stress-temperature for
each joint will effect on the joint properties resulted
through welding operation [11]. Moreover, metals have
different thermo-physical properties can be joining
successful by friction welding; thus, they have tensile
strengths and ductility closest to those from similar alloy.

—&— AISI 316-AISI 316 (6.5 s)
—— AISI 304-AISI 304 (6.5 s)
AISI 304-AlSI 316 (6.5 s)
AISI 304-AISI 316 (8.5 s)

w
B
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Figure 9. Micro-hardness profile for axis of rotation vs.
friction time
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Figure 10. EDAX analysis for [AISI 304-AlSI 316, 8.5 s]
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Figure 11. Stress strain curves for (a) AISI316-AlSI 316, (b)
AISI304-AlSI 304 and (c) AlSI 316-AlSI 304

The macro-graphic of tensile test pieces reveals more
elongation in gauge length and reduction in the welding
zone for 6.5 s for similar welding joints Figures 12A and
12B and reduction in the welding zone were clearly for
all specimens in dissimilar welding joints Figure 12c.
Thus, for AISI 304-AlISI 316 joint specimens, the
breaking occurred principally on the AISI 316 part or
precisely in the zone beside the welding line.

3. 3. Fracture Surface Observation Fracture
surface observation by SEM is shown in Figure 13
illustrates amount of dimples formation, which is
fractured surface proves that the fracture is mostly ductile
mode [12]. It showed also the dimples with a few
cleavage facets. Moreover, observed that the AISI 304-
AISI 304 joint (Figure 13 b) has more ability to thermo-
plastic deformation than AISI 316-AlSI 316 and
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Figure 12. Macro-graphic of tensile test pieces

Figure 13 C. SEM observation, AISI 304-AlSI 316 [8.5 s]

AISI 304-AlSI 316 joint, demonstrated by the absence of
the spirals shape on the fracture surface, resulted from
metal flow that occurs near the plane of the weld cause
of the rotating part against the stationary part.

4. CONCLUSION

According to present study the friction time controls the
amount of heat diffusion, which is responsible on the
behavior of the mechanical and micro-structural
properties of the welded joint. Therefore, when friction
time increased:

- Obtained large amount of flash formation and axial
shortening,

- Large dimension of HPDZ at the interface of welding
joint,

- Hard zone around the interface illusterted clearly for
similar welding joint of AISI 316-AlSI 316 and AISI
304-AlSI 304,

- AISI 316 is more refractory than AlISI 304, therefore, it
has ability to keep more amount of heat, which is leading
to low speed of cooling rate, and resulting softening at
side of AISI 316 because of grain growth,

- Reducing of UTS and ductility at similar welding joint,
which seems clearly at AISI 304-AlSI 304 joint,

- Metals have different thermo-physical properties can be
joining successful by friction welding; furthermore, they
have tensile strengths and ductility closest to those from
similar alloy.

- AISI 304-AlSI 304 joint has more ability to thermo-
plastic deformation than AISI 316-AlSI 316 and AlSI
304 —AlSI 316 joint, verified by absence of spirals shape
on the fracture surface.
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