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اﻟﻤﻠﺨص
ُ�ﻌ ــد ﻟﺤﺎم اﻻﺤﺘﻛﺎك ﻤن ﺘﻘﻨ�ﺎت اﻟوﺼﻞ ﻟﻠﻌدﯿد ﻤن اﻟﻤﻌﺎدن اﻟﺤدﯿد�ﺔ وﻏﯿر اﻟﺤدﯿد�ﺔ اﻟﻤﻌدن
CDFW  اﺴﺘﺨدﻤت طر�ﻘﺔ ﻟﺤﺎم اﻟدﻓـﻊ اﻟﻤﺴﺘﻤر.ﻋﻨدﻤﺎ �ﺼﻌب وﺼﻠﻬﺎ �طرق اﻟﻠﺤﺎم �ﺎﻟﺼﻬر اﻟﺘﻘﻠﯿد�ﺔ
ٍ
" وﻫﻲ طر�ﻘﺔ ﺒدﯿﻠﺔAISI 304" " واﻟﺼﻠب اﻟﻤﻘﺎوم ﻟﻠﺼـدأAl6061-T6" ﻟﻛﻞ ﻤن ﺴﺒ�كﺔ اﻷﻟﻤﻨﯿوم
 ﻓﻲ ﻫذﻩ اﻟدراﺴﺔ.ﺴﺎﻫﻤت ﻓﻲ ﺠﻌﻞ اﻟﺼﻠب اﻟﻤﻘﺎوم ﻟﻠﺼدأ وﺴ�ﺎﺌك اﻷﻟﻤوﻨﯿوم أﻛﺜر ﺸﯿوﻋﺎً واﺴﺘﺨداﻤﺎ
(P2) ( وﻀﻐط اﻟﻛ�سP1) ( وﻀﻐط اﻻﺤﺘﻛﺎكt1)  زﻤن اﻻﺤﺘﻛﺎك:ﺘم اﺨﺘ�ﺎر اﻟﻌواﻤﻞ اﻟﺘﺼﻤ�ﻤ�ﺔ اﻵﺘ�ﺔ
،واﻟﺘﻲ كﺎن ﻟﻬﺎ ﺘﺄﺜﯿر واﻀﺢ ﻋﻠﻰ ﻤﻘﺎوﻤﺔ اﻟﺸد ﻟﻠوﺼﻼت اﻟﻤﻠﺤوﻤﺔ ﻓ�ﻤﺎ ُﻨﺸر ﻤن ﺴﺎﺒق اﻷ�ﺤﺎث
Taguchi array "  اﺴﺘﺨدﻤت ﻤﻨﻬﺠ�ﺔ اﻟﺘﺼﻤ�م اﻟﻤﺘﯿن.ر ﻓﺎﻋﻼً ﻓﻲ اﻟدراﺴﺔ اﻟﺤﺎﻟ�ﺔ أ�ﻀﺎ
ًوكﺎن ﻟﻬﺎ ﺘﺄﺜﯿ ا
" وأﺴﺘﺨدم ﻤﺒدﺌ�ﺎً اﺴﻠوب اﻟﻤﺤﺎوﻻت اﻟﺘﺠر�ﺒ�ﺔ ﻟﺘﺤدﯿد ﻤدى اﻟﻘ�م ﻟﻛﻞ ﻋﺎﻤﻞ ﻤن اﻟﻌواﻤﻞL27 (33)
 اﻛﺘﺴﺒت ﻤﻘﺎوﻤﺔ اﻟﺸد ﻟﻠوﺼﻼت اﻟﻤﻠﺤوﻤﺔ اﻟواﺼﻠﺔ ﺒﯿن اﻟﻤﻌدن اﻟواﺤد �ﺎﻟﻤﻘﺎرﻨﺔ ﻤﻊ ﻤﻘﺎوﻤﺔ.اﻟﺘﺼﻤ�ﻤ�ﺔ
 وﻟوﺼﻼت اﻟﻤﻌدﻨﯿن اﻟﻤﺨﺘﻠﻔﯿن،98% ﻨﻔس اﻟﻤﻌدن ﻏﯿر اﻟﻤﻠﺤوم ﺤﯿث ﺒﻠﻐت اﻟﻰ أﻗﺼﻰ كﻔﺎءة �ﻘ�ﻤﺔ
 أوﻀﺤت ﻨﺘﺎﺌﺞ اﻟﻛﺸﻒ �ﺎﻟﻤﺠﻬر اﻹﻟﻛﺘروﻨﻲ أن ﺴطﺢ اﻟﻛﺴر ﻟﻌﯿﻨﺎت اﻟﺸد.89% اﻟﻰ كﻔﺎءة �ﻘ�ﻤﺔ
اﻟﺨﺎﺼﺔ ﺒوﺼﻼت اﻟﻤﻌدن اﻟواﺤد ﯿﺘ�ﻊ ﻨﺴق اﻟﻔﺠوات اﻟدﻗ�ﻘﺔ اﻟﻤﺘﺼﻠﺔ وﻫذا ﯿؤكد ﻨﺴق اﻟﻛﺴر ﻟﻠﻤﻌﺎدن
ً ﺒﯿﻨﻤﺎ كﺎن وﻗﻊ اﻟﻛﺴر ﻟوﺼﻼت اﻟﻤﻌدﻨﯿن اﻟﻤﺨﺘﻠﻔﯿن ﯿﺘواﺠد ﻋﻨد ﺨط اﻟوﺼﻞ ﺒﯿﻨﻬﻤﺎ وﻤﺸﺎﺒﻬﺎ،اﻟﻤطﻠ�ﺔ
 كﻤﺎ ﺘﺤﻘق أن ﺴطﺢ اﻟﻛﺴر ﯿﺘ�ﻊ اﻟﻨﺴق اﻟﺤﻠزوﻨﻲ وﺨط،ﻟﻌﻤﻠ�ﺔ ﻨزع اﻟﺴطﺤﯿن ﻋن �ﻌﻀﻬﻤﺎ اﻟ�ﻌض
اﻟوﺼﻞ ﺒﯿن اﻟﻤﻌدﻨﯿن اﻟﻤﺨﺘﻠﻔﯿن ﻫو اﻟﻤوﻗﻊ اﻟﻤﻼﺌم ﻟﻠﻛﺴر ﻟوﺠود ﻤﺎ �ﻌرف �ﺎﻟﻌﯿوب اﻟﺤﻠزوﻨ�ﺔ وكﻠﻤﺎ
.ﻗﻞ ﻋدد ﻫذﻩ اﻟﻌﯿوب ﺘﺤﺴﻨت ﻤﻘﺎوﻤﺔ اﻟوﺼﻞ
ABSTRACT
Friction welding is a solid phase welding process that is used to join different
types of ferrous and non-ferrous metals that cannot be joined by existing fusion welding
methods. Continuous drive friction welding CDFW method appears to be an alternative
method to make the use of stainless steel and Aluminum alloys more widespread. Friction
time t1, friction pressure P1, and forge pressure P2 are being selected as design
parameters, which have significant effect on the tensile strength of weld joints. Three
levels Taguchi of 27 trials "orthogonal array L27 (33)" was adopted to analyse the
effect of selected parameters. In the present study, preliminary experimental trials are
conducted and used to determine the exact range of each selected parameter. The strength
of produced friction joints exhibited comparable strength with the base material with
maximum efficiency of 98% for AISI 304/304, and 89% for AISI 304/Al6061-T6 joints.
For similar joints, The fracture mode as a microvoid coalescence at the fractured surface
confirms the ductile mode of failure, while for dissimilar joints the fracture occurred at
the weld line as an interface splitting. Many spiral patterns are observed, which acted as
preferential failure sites during tensile testing, and as the numbers of spiral defects
decreased, joint strength improved.
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INTRODUCTION
Friction welding as a solid-state welding process to join a much broader spectrum
of similar and dissimilar materials. The joining process is carried out at a temperature
below the melting points of the joined metals. By relative motion of two faying surfaces
to generate heat and friction welding is performed, this is accompanied by a compressive
force which plastically deforms the surfaces resulting in the joint [1-2]. There is a need
to develop highly efficient joining methods, which enables producers to achieve higher
strength, and quality more consistently than with the fusion welding process. P. Sathiya
et al. [2-5] have demonstrated in a series of studies emphasis on the feasibility of the
process to join AISI 304 austenitic stainless steel. These investigations have established
that fully satisfactory bonded joints, in terms of tensile strength, were obtained with no
joint collapsing at the welding line. The welding of aluminum alloy to stainless steel is of
particular interest, since the resulting favorable properties of each component, as the high
thermal conductivity and low density of Aluminum, and the lower thermal conductivity
and the higher tensile strength of stainless steel [5]. The demand for aluminum
alloys/stainless steel joints has therefore increased in many industrial areas, owing to their
superior properties. A series of publication researches [6-8] have been performed with an
object to establish friction-welding process of 6061 Aluminum alloys to AISI 304
austenitic stainless steel. The key joining parameters during CDFW operation comprise
(friction time t1 and pressure P1, forging time t2 and pressure P2, and rotational speed
N). Usually, these parameters are developed and optimized through a series of trials for a
given application [1, 3-5, 9-10]. The microvoid coalescence MVC fracture mode are
the feature of ductile fracture are initiated at sites where partial matrix interface failure,
and/or complex dislocation interaction. Two growth mechanisms identified, plastic flow
at the matrix that surrounds the initiation site, and/or plastic flow enhanced by the
decohesion of small particles in the matrix [11]. A typical spiral fracture surface observed
by Tacashi [12] in fractured steels/Aluminum alloys jointed by CDFW, and Celik & Ersozlu
[13] have defined in their study the spiral defect as a type of defect acts as the sites for
preferential failure sites during both fatigue testing and notch tensile testing of such joints.
This occurs when the joint strength is detrimentally affected by the formation of hard,
brittle intermetallic phase at the bond line region. During tensile loading, the intermetallic
layer acts as a site for crack initiation. The aim of this work is to analyze the obtained
similar and dissimilar CDFW tensile strength and efficiency results with respect to
selected welding parameters, and to make convincing interpretation to the various modes
of fracture morphology obtained by SEM.
EXPERIMENTAL WORK
Materials used
Two different types of metallic material have been chosen for the present study,
aluminum alloy 6061-t6 (Al-Mg-Si) and austenitic stainless steel AISI 304 with supplied
technical data, chemical composition and average measured mechanical properties as
shown in Tables (1a, 1b, and 2).
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Table 1a: The Chemical Composition of AISI 304 Stainless Steel.
Elements
Contents wt.%
Elements
Contents wt.%

C
0.041
Mo
0.315

Si
0.348
Cu
0.408

Mn
1.355
V
0.061

P
0.026
Co
0.122

S
0.024
N
0.035

Cr
18.80
W
0.009

Ni
8.21
Fe
Balance

Table 1b: The Chemical Composition of Aluminum Alloy Al 6061-T6.
Elements
Contents wt.%

Si %

Fe %

Cu %

Mg %

Zn %

Cr %

Al %

0.571

0.148

0.355

1.026

0.024

0.196

Balance

Table2: The Mechanical Properties of AISI 304 and Al 6061-T6.
property

Tensile strength

Yield strength

Elongation %

Reduction of area %

ASTM 304

653 MPa

394 MPa

47.62

73.83

Al 6061-T6

360 MPa

307 MPa

13

11

After machining, and to avoid the effect of cold work, the samples were stress
relieved to a temperature of 350˚C for 1 hour followed by air cooling for AISI 304 and
for Al 6061 heated up to 100˚C for 20 minutes then cooled in still air. Friction welding
process; CDFW Thomson Machine (Model 15 Single, Sliding Head-1985, UK) was
utilized to perform the welding process [14]. The selected parameters; Based on the
pervious works [3, 6] the parameters that have strong effect on the tensile strength of
similar and dissimilar friction welded materials and its efficiency are: friction time t1,
friction pressure P1 and upset "forge" pressure P2. In this study, spindle speed N, and
upsetting time t2 are kept constant. The other parameters such as (t1, P1, and P2) are
varied within the range available in the machine setting. Determination of parameters
range. Trial and Errors Method was carried out by varying chosen parameters to
determine the exact range of each parameter [3, 4, 18]. Figure (1) shows some produced
samples of similar and dissimilar friction welds. Three levels Taguchi of 27 trials
[orthogonal array L(27) S1 to S27 for 304/304 and A1 to A27 for 304/6061-T6] was
adopted to analyse the effect of three selected parameters (t1, P1, and P2) on the tensile
strength of the weld joint and their efficiencies. Tensile testing; Accordant with ASTM
(E23-81) the joint strength of friction welded mainly evaluated by tensile testing results,
the test samples configuration as shown in Figure (2) were prepared after flash removal
by machining off the surface.

AISI 304

AL 6061

AISI 304

AISI 304

Figure 1: First trail for similar and dissimilar friction weld samples.
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All samples were machined with 140 mm gauge in lengths and 22 mm in diameter. The
weld interface was set at the center of the gage length as close as possible [2, 15]. For
comparison, AISI 304 and Al 6061-t6 base materials test specimens were minimum
feeding machined with similar shape as the jointed samples as in Figure (2).

Figure 2: Shape and dimension of tensile test CDFW samples.

Fracture morphology examination
Fracture surfaces morphology of the fractured tensile test samples were
comprehensively examined with a scanning electron microscope (SEM) to determine the
microscopic fracture mode, and characterize the fine-scale topography of the fracture
surface, and establishing the microscopic mechanisms governing fracture. Samples for
SEM examination that obtained by being sectioned parallel to the fracture surface with
10mm in thickness. The used equipment was SEM (JEOL JSM-5610 Scanning Electron
Microscope, Japan, 2000) to characterize the obtained fracture mode.
RESULT AND DISSUASION
The strength of similar joints; Tensile strength is the main characteristic
evaluation considered in this work to identify the quality of CDFW joints. From the
obtained tensile strength data of the L27 for austenitic stainless steel welded joints, the
high strength obtained in all runs with maximum efficiency of 98 % over a wide range
of friction times and pressures, and forge pressures (t1, P1, & P2) indicating the stainless
steel is highly tolerant of friction welding, and the continuous CDFW method can
successfully be applied for performing weld joints of AISI 304 austenitic stainless steel.
Thus, considerably the strength of joints exhibited comparable strength with the base
material as concluded in many of previous studies [2, 16]. The highest tensile strength
was acquired as 640 MPa with the setup conditions of t1 of one second, P1 of 63.8 bar,
and P2 of 85 bar. For dissimilar joints the obtained result of the tensile strength for L27
measurements of AISI 304-Al 6061-T6 friction welded pair are varied in the range of
193.6 to 318.9 MPa with efficiencies range from 54% to 89% respectively. It can be
confirmed, the joint tensile strength properties are markedly affected by selected
parameter, and there is a narrow operating envelope for attainment of optimum bond line
tensile strength properties in a similar manner.
Fracture morphology for similar joints; the as broken tensile samples are investigated
visually starting with determination of fracture location along the gage length, followed
by fracture surface area visual and SEM examination. AISI 304 as an FCC austenitic
stainless steel develops a ductile normal fracture plane of “cup & cone” type of fracture,
a broken through the base metal section area as in figure (3a & b). Figure (3a) shows one
of the similar joints that fractured closer to bond line of the weld interface with microvoid
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fracture mode at edge surface, and flat mode controlled by tension loading beyond the
edge with limited reduction in cross section area. These findings well agree with other
investigators [2, 10, 17] reported that, similar friction weld AISI 304 austenitic stainless
steel rupture mostly at the joint zone and partly through the parent material, and the joints
had experienced a ductile mode of fracture, with the shear flow of material. P. Sathiya et
al. [18] showed same fracture mode but for ferritic stainless steel friction welded joints.
As necking begins at the point of stability where the true strain equals to the strain
hardening coefficient, with triaxle state of stress is introduced at the center of the necked
region "plane strain condition". Under continued straining, many fine micro cracks are
initiated in a form of microvoid, then developed as cavities with high stress concentration
sites for the cracks to grow and coalesce together in a form of major central crack with
equiaxed microvoid coalescence mode, this crack grow laterally and normal to the tensile
axis. At the free energy surface "plane stress condition" under the act of resolved shear
stress the crack propagates parallel to the localized shear bands at an angle of 45º to the
applied normal stress axis, to form the final cup and cone sides of the fractured surface
shape. Two out of three distinct known processes of void formation and coalescence
(dimples) are distinguished in this study ; the tensile stresses produced equiaxed
microvoid and pure shear stresses generate elongated microvoid in the shearing direction.
SEM topographic shown the in figure (4a & b).

Friction welding

Fractured Region

Failure took place at welding Interface
Figure 3a: The fracture location and shape for similar AISI 304.

Figure 3b: Tested sample with cup and cone shape of ductile fracture of AISI 304.
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Figure 4a: Eqiaxial microvoid coalescence at normal stress AISI 304, X2000

Figure 4b: Elongated microvoid coalescence at sheared region AISI 304, X2000
Fracture morphology for dissimilar joints; with the same investigation steps
for pointing the fracture location shown in Figure (5), and examining the fracture mode
for similar joints, all dissimilar samples showed a same general mode of fracture, where
the fracture occurred at the bond line of the weld interface, and the SEM fractography are
presented in Figure (6a & b). SEM micrographs indicates that the fracture took place by
interface splitting under the action of tensile force, the brake-off occurred in the weld
interface is due to the relatively narrow thermal softened area for the Al 6061 alloy, as
result of higher forge pressure applied during the forging stage, this founding is highly
agreed with the Hiizu OCHI et. al. [8], as they concluded that, the tensile facture surface
approached closer to the weld interface according to increases in the upset pressure, and
more metal loosed in a form of flash Figure (6a & b).
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Figure 5: Fracture location for dissimilar at welded sample.
Many spiral patterns are observed at the fracture surfaces pair, which believed to be
attributed to the presence of tramp light element such as Magnesium and oxide inclusion
[17], as illustrated in figure (7a & b). Spiral as defects are formed in the wake of
discontinuities in the flow of plasticized material in the contact region. In the conditions
when material highly heated, these induced defects are fluid flow formed where
Magnesium rich segregates and inclusions transfer to embedded regions close to the
stationary boundary of the joint [19]. Spiral defects acting as sites for preferential failure
during mechanical tensile testing of joints made by using low friction pressures [17], as
shown in Figure (8). The detailed Fractography observations confirmed that the spiral
patterns changed with the weld parameters applied.

Figure 6a & b: The fracture morphology for tensile sample A26 X200, X100.
As the application of high friction, pressures during welding markedly decreased the
incidence of spiral pattern in weld joints. Similar results have also been reported by K.
UENISHI et. al. [17], the use of high friction pressures obviously reduced the occurrence
of spiral defects in dissimilar welds. The higher forge and friction pressures applied gives
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higher tensile strength to the joints and the fractures planes are localized in the bulk
instead of the interface. From the evident details by SEM photos of A26 it is observed
that an amount of fractured aluminum on stainless steel surface with different magnified
views of the investigated tensile test samples are shown in figure (9).

Figure 7a & b: The spiral pattern lines on joint A25X100 & X1600).

Figure 8: Effect of friction pressure on the change of spiral patterns morphology.
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Figure 9: Microscopic features at contact site, showing a dark grey area corresponds
to the trace of Al on stainless surface of the joint A26.
CONCLUSIONS
The tensile strength and fracture morphology of similar AISI 304/304 and
dissimilar welds of AISI 304/AA6061-T6 produced by continuous drive friction welding
(CDFW) are investigated and the main conclusions are as follow:
• Welding technique CDFW has demonstrated its suitability for joining different
materials. The welding equipment showed a high reproducibility, with no welding
defects such as porosities or cracks apparent in all runs within the investigated range
of the selected parameters. An available is successfully adopted machine for
performing dissimilar weld joints.
• The strength of friction joints produced exhibited comparable strength with the base
material with maximum efficiency of 98% for AISI 304/304 joints which indicating
that austenitic stainless steel is highly tolerant to friction welding, and 89% for AISI
304/Al6061-T6 joints which is also considered acceptable for dissimilar metal joints.
• The fracture mode as a microvoid coalescence (dimples) at the fractured surface
confirms the ductile mode of failure during tensile testing is dominant.
• The fracture occurred at the weld line as an interface splitting. Many spiral patterns
are observed, which acted as preferential failure sites during tensile testing, and as
the numbers of spiral defects decreased, joint strength improved.
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