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Abstract: Defect-free butt joints of 3003 Al alloy to mild steel plates with 3 mm thickness were performed using friction stir welding
(FSW). A heat input model reported for similar FSW was simplified and used to investigate the effects of welding speed, rotation
speed and tool shoulder diameter on the microstructure and properties of dissimilar welds. The comparison between microstructure,
intermetallics and strength of welds shows the good conformity between the results and the calculated heat input factor (HIF)
achieved from the model. The joint strength is controlled by Al/Fe interface at HIF of 0.2-0.4, by TMAZ at HIF of 0.4—0.8 and by

intermetallics and/or defects at HIF>0.8.
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1 Introduction

Nowadays, by employing severe environmental
preservation laws as well as growing fuel prices, the
transportation systems have inclined to the low-
consumption vehicles. The reduction in consumption
may be obtained through the lightening of vehicle by
using aluminum or magnesium in various parts of the
vehicle. However, using of aluminum in industries may
result in some problems such as the process of joining
aluminum to steel. Joining of aluminum to steel is
generally difficult because of differences between their
physical and chemical properties. Both alloys have
incomparable melting points, thermal conductivity,
coefficient of linear expansion and heat capacities, as
reported by CARDARELLI [1]. Considering the phase
diagram of Al-Fe system [2], the low solubility of iron
in aluminum promotes the formation of brittle
intermetallic compounds such as Fe,Als, FeAl;, in the
weld zone. As a result of such difficulties, especially the
formation of thick intermetallic layers, creation of a
strong joint between aluminum and steel sounds
impossible or very difficult by using common fusion
welding techniques. To join aluminum to steel,

techniques such as diffusion bonding [3], friction
welding [4], ultrasonic welding [5] and laser welding [6]
could be used. Friction and explosive welding are limited
to a few weld joint geometries. However, ultrasonic and
laser welding are almost limited to joining of thin plates.
Friction stir welding which was invented and
patented by THOMAS et al [7] is widely employed in
industry for joining aluminum alloys. FSW is also
applicable to the welding of dissimilar materials and
some experiments have been published on joining
aluminum to steel. UZUN et al [8] investigated the
microstructure, hardness and fatigue properties of
friction stir butt welded 4 mm thick aluminum 6013-T4
to XS5CrNil8-10 stainless steel. They successfully
obtained sound joints and characterized several distinct
regions of dissimilar weld such as HAZ and TMAZ in
both base metals; however, they did not investigate the
effect of process parameters on the mechanical properties
of joints. WATANABE et al [9] investigated the effect of
tool rotation speed and pin position on the tensile
strength of 2 mm thick 5083 aluminum alloy and mild
steel sheets. TANAKA et al [10] analyzed the effect of
rotation speed on temperature rise and joint strength of
7075-T65 aluminum alloy and mild steel at the condition
of constant welding speed, and the effect of heat input
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on the formation of intermetallic compounds and
resultant tensile strength was investigated. CHEN and
KOVACEVIC [11] studied the feasibility of joining Al
6061 to AISI 1018 steel. They reported the effect of pin
position on the temperature distribution and
microstructure of weld zone at constant tool rotation and
traverse speed. LEE et al [12] examined the type of
intermetallic compounds produced in the reaction layer
between friction stir welded 6056-T4 Al alloy and 304
austenitic stainless steel. Due to the nature of FSW
process, with correct selection of welding parameters, no
melting of base alloys is expected. Thus, the formation of
intermetallic compounds decreases noticeably. Therefore,
FSW can be considered a practical solution for industrial
joining of aluminum alloy to steel.

In FSW the heat is generated by a combination of
friction and plastic deformation. There are several
investigations on modeling and calculation of heat input
during FSW. FRIGAAD et al [13] and HEURTIER et al
[14] proposed a numerical and semi-analytical three-
dimensional heat flow model for FSW of aluminum
alloys. They considered the heat generation from friction
and neglected the deformational heat. The calculated
results of the model were in good agreement with the
experimental measurements performed on 6082-T6 and
7108-T79 [13] and 2025-T351 [14]. SCHMIDT et al [15]
developed an analytical model for heat generation during
FSW based on different contact conditions at
tool/material interface. They considered both the plastic
deformation and the friction between the tool shoulder
and the tool pin using a weighting factor to adjust
sticking and/or slipping condition during the process.
The model was validated by the experimental work on
2024-T3 alloy [15].

In spite of different methodologies used to develop
aforementioned models, the devised equations are almost
similar in variables (i.e. applied pressure, rotation speed
and tool diameter). It was reported that the heat
generated from plastic deformation is about 5% [16] and
the shoulder controls the heat generation during FSW
[17]. Therefore, by neglecting the heat from the plastic
deformation and the tool pin, the devised equations for
heat generation reported in Ref. [15] will be similar to
that in Ref. [13].

To ease calculation in above mentioned models, the
friction coefficient was considered to be constant
regardless of temperature change during FSW and the
heat loss was neglected. Some authors proposed the
models considering heat loss and temperature-dependent
friction coefficient, which resulted in more complex
equations [18].

In dissimilar joining of aluminum alloys to steels,
the formation of intermetallic compounds is a function of

heat input of the weld and temperature distribution
across the weld zone. The appropriate selection of
welding parameters controls the amount of heat input
and therefore the formed microstructure. In the previous
studies, there are no comprehensive reports about the
combined effects of rotation speed, traverse speed and
tool design on the tensile strength and microstructure of
the dissimilar joints concerning heat input of the weld.
To the best knowledge of authors, just TANAKA et al
[10] used a heat input model for FSW of aluminum to
steel at constant traverse speed and tool design. In heat
input models of FSW, there are parameters such as
pressure and friction coefficient that the calculation of
these parameters seems to be time-consuming and
complicated. As the models were developed for similar
alloys, this work was aimed to simplify the heat input
model in Ref. [13] and obtain a workshop model. It is
shown that the model could be used to find the range of
welding process parameters of dissimilar FSW between
aluminum and steel. This simplified model was used to
investigate the effects of tool rotation speed, traverse
speed and tool design on the amount of heat input
parameter. Afterwards, it was aimed to establish the
correlation between the heat input parameter and the
resultant microstructure and tensile strength of the joints.

2 Experimental
Figure 1 shows the schematic of friction stir

welding process of dissimilar joints. As the tool rotates,
the friction between the tool shoulder and the work piece

(a)
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Fig. 1 Schematic of friction stir welding process (a) and
position of rotating pin in present study (b)
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generates sufficient heat to plasticize material beneath
the tool shoulder. The rotating tool pin moves the
plasticized material from front to back of the weld line
and accomplishes weld joint between the butted plates.

A mild steel (St 52) sheet with the thickness of
3 mm was FSWed to a cold rolled 3003-H18 aluminum
alloy sheet with the same thickness. Ultimate tensile
strength (UTS) of the steel and aluminum alloy were 520
MPa and 200 MPa, respectively. To study the effects of
dimension and shape of tool, two various tools were
designed. The first tool (T1) consisted of a shoulder with
a diameter of 24 mm and a cylindrical non-threaded pin
with a diameter of 6 mm. The second tool (T2) with a
diameter of 18 mm and a non-threaded conical pin was
used. To prevent the overheating of aluminum alloy and
reduce tool wear, the pin was inserted into aluminum
alloy with an offset from the centerline of the weld. It
was shifted toward the steel faying surface by a distance
of 0.3 mm (0.3 mm offset). During the process,
aluminum alloy and mild steel sheets were positioned in
retreating and advancing sides, respectively.

Tensile test specimens were machined from the
welds perpendicular to the weld line. To remove flash
from the top surface and unwelded region on the
underside, the specimens were machined about 0.5 mm
from the both top and underside. The weld areas were
located in the center of the test specimens. The lists of
various friction stir welding tests and related tensile
strength are summarized in Table 1.

Table 1 Summary of welding parameters and mechanical

properties
. . Ultimate
Weld Rotation  Welding tensile Fracture
speed/ speed/ . Tool
(rmin) (mmemin”) strength/  location
MPa
S1 450 12 112 Al T1
S2 560 12 76 AlVFe =)
interface
S3 700 12 28 Al Tl
S4 700 20 97 Al Tl
S5 700 30 100 Al T1
Al and
S6 700 12 118 Al/Fe T2
interface
S7 450 12 146 AlFe
interface

Metallographic studies were conducted by scanning
electron microscopy (SEM) and X-ray diffraction (XRD)
techniques. SEM was equipped with an energy
dispersive X-ray spectroscopy (EDS) apparatus. An

X-ray diffractometer (XRD) was used to examine the
structure and intermetallic layers formed in the weld
zone and at the Al/Fe interface.

3 Results and discussion

3.1 Effect of tool rotation and welding speed on UTS

To investigate the effect of tool rotation speed on
the tensile strength of joint, all welding tests were carried
out at the welding speed of 12 mm/min. The rotation
speed was varied from 450 to 700 r/min. The most
ultimate tensile strength (UTS) of the weld was achieved
for weld No. S1 (112 MPa), which is higher than that of
the annealed aluminum base metal (i.e. 96 MPa). By
increasing the tool rotational speed to 560 r/min in weld
No. S2, the UTS of the joint decreased to 76 MPa. At the
pin rotation speed of 700 r/min, the joint strength
decreased drastically, creating an unacceptable joint.

The microstructure observation of the weld No. S3
revealed a large defect in the fracture location (see
section 3.4). KIM et al [19] reported that the large defect
formation is a result of excess heating and insufficient
mixing of plasticized material. Therefore, to examine the
effect of tool traverse speed on the tensile strength of the
joints, the welding tests were carried out with welding
speeds of 20 and 30 mm/min. The UTS of welds No. S3,
S4 and S5 are shown in Table 1. The results show that by
increasing the tool traverse speed from 12 to 30 mm/min,
the UTS increased from 28 MPa (weld S3) to 97 MPa
(weld No. S4) and reached 100 MPa (weld No. S5). The
reason of such increase in UTS is attributed to the
dependency of tensile strength with the weld heat input
as discussed below.

3.2 Determination of heat input factor

In order to define the optimum welding conditions
for an acceptable joint and to study the formation of
intermetallic compounds and also microstructure
evolution in the dissimilar weld joints, it is necessary to
investigate the relationship between the joint strength
and the heat input for each welding condition. Several
equations were developed to describe the effects of FSW
parameters on the extent of heat flow into the welding
zone in Refs. [13—17]. As indicated before, by neglecting
the heat from plastic deformation and tool pin, the model
in Ref. [15] is similar to that in Ref. [13]. So, the authors
chose the model proposed by FRIGAAD et al [13] for
frictional heat generation per unit area and time during
FSW process:

Q0=(4/3)7’ upR’ ()

where Q, is the net power (W), u is the friction
coefficient, p is the applied pressure (Pa), @ is the tool
rotation speed (1/s), and R is the tool shoulder radius (m).
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Unfortunately, the models cannot directly be used to
investigate the influence of the welding speed. Since the
tool moves during friction stir welding, the heat flows
into the weld zone and the heat input per unit length of
the weld can be evaluated by Qy/v, where v is the tool
traverse speed (m/s). In this study, we could not measure
the real pressure in the vertical direction in the work
surface, and also the friction coefficient at each welding
temperature. Furthermore, TANAKA et al [10] and
HIRATA et al [20] reported that the relationship between
the heat input and the properties of FSWed joint can be
expressed without using parameters of u and P.
SCHMIDT et al [15] reported that the experimental heat
generation was not proportional to the experimental
applied pressure. Therefore, by eliminating # and P from
Eq. (1) and dividing both sides of the result by v, the
“heat input factor” can be expressed as

Ou/v=»4/3)T*wR’/v (2)

3.3 Effect of heat input factor on joint properties

The calculated heat input factor (HIF) of specimens
based on Eq. (2) and the variation of UTS as a function
of heat input factor are illustrated in Fig. 2. Considering
the identical welding speed line in Fig. 2, it is found that
the heat input produced during friction stir welding
process reduces the effect of strain hardening aspects of
cold working, thus, the ultimate tensile strength of the
work-hardened base alloy decreases from 200 MPa to
112 MPa in weld No. S1. It is necessary to note that the
strength of the annealed base alloy 3003 is 96 MPa. The
results show that the fracture location of weld No. S1
was at the TMAZ of aluminum (Fig. 3), suggesting an
acceptable strength at the Al/Fe interface. The maximum
temperature during friction stir welding of various
aluminum alloys is found to be within (0.6—0.9)T}, (7}, is
the melting temperature) as reported by MISHRA and
MA [21] and TANG et al [17]. CHEN and KOVACEVIC
[11] reported that the maximum temperature during FSW
of aluminum alloy to steel reached 500 °C. Thus, it can
be summarized that the maximum temperature during the
present study readily reached 500 °C or higher. This
maximum temperature is higher than the hot working
temperature of 3003 alloy. The 3003 aluminum alloy is a
non-heat treatable aluminum alloy. It is well known that
the only way to improve the strength of such alloys is
strain hardening through cold working, as reported by
POLMEAR ([22]. The UTS of the 3003 Al alloy is 200
MPa, meaning that the base alloy was in an extremely
work hardened state. The combined effect of heat flow
and deformation of material beneath the tool shoulder,
which is the result of mixing action of rotating tool,
eliminates all aspects of cold working such as dislocation
tangles, sub-structure, grain boundaries, strained grains,

160
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& 80r
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60 = — Identical ratation speed,
i Tool T1
40 + — Tool T2
i + — Identical welding speed,
20 Tool T1 §3

07 02 04 06 08 10 12
Heat input factor

Fig. 2 Ultimate tensile strength of welds as function of heat
input factor

_ [
Fig. 3 Fracture locations of welds: (a) S1; (b) S2; (c) S3; (d) S4;
(e) S5

through dynamic recrystallization regime. Therefore, the
strength of the joints decreased. It is well accepted that
dynamic recrystallization during friction stir welding of
non-heat treatable aluminum alloys results in the
generation of fine grains in weld nuggets, as reported by
HIRATA et al [20] and MISHRA and MA [21]. High
temperature produced at the TMAZ and HAZ caused
change of the cold work microstructure to partially
annealed material. This mater in turn caused reducing the
tensile strength of the TMAZ and then fracture occurred
at the TMAZ. PEEL et al [23] reported that the UTS of
joints in FSW of the work hardened 5083-H19 alloy
decreased to the annealed strength of base alloy due to
heating cycle of process and then fracture occurred at
retreating side TMAZ.

Tensile strength of specimen S2 was found to be
lower than that of the annealed aluminum base alloy (i.e.
96 MPa). The fracture location of sample S2 was at the
Al/Fe interface (Fig. 3(b)). However, for weld S3, though
fracture occurred at the TMAZ (Fig. 3(c)), it showed the
weakest joint strength due to producing large tunneling
defect in the weld (see section 3.4). In welds No. S2 and
S3 which were performed under higher HIF than other



M. DEHGHANI, et al/Trans. Nonferrous Met. Soc. China 23(2013) 1957-1965 1961

welds (Fig. 2), the reduction in strength below the
annealed strength of aluminum base alloy is attributed to
the formation of thick intermetallic layer at the Al/Fe
interface and defects formation, respectively (see
section 3.4).

According to Fig. 2, it is apparent that the UTS
enhanced significantly and reached a plateau by
decreasing the HIF (<0.8) due to the increase in the
welding speed. The tensile strength of welds S4 and S5
were similar to the strength of the annealed base alloy
and tensile fracture occurred at the TMAZ (Figs. 3(d)
and (e)). Figures 3(a), (d) and (e) show the 45° fracture
surface.

Since the UTS of the annealed aluminum alloy is
about 96 MPa, according to Fig. 2, the relative HIF for
UTS of the annealed aluminum alloy (i.e. 96 MPa) is
obtained as about 0.8. It can be summarized that at HIF
higher than 0.8 the UTS of the joint reduces as a result of
thick intermetallic layer at Al/Fe interface and/or defect
formation in weld zone. At HIF lower than 0.8, the UTS
of the joints is obtained to be equal to or higher than the
strength of 3003-O aluminum alloy. However, the UTS is
still lower than the strength of work-hardened 3003-H18
aluminum alloy due to the elimination of work hardening
aspects of base alloy by heating cycle of process.
Therefore, the HIF of 0.8 can be considered the critical
HIF value.

3.4 Microstructure evolution

Figure 4 illustrates the SEM photographs of the
cross-sections of welds S1, S2 and S3. It is obvious that
all nuggets are filled with large fragments of steel and
small platelets sheared off from the steel plate, which is
believed to be a result of the abrasion, wear and shearing
by tool rotating action. According to Fig. 4(a), no tunnels
or voids are produced in the microstructure of weld S1.
Figure 4(b) shows the microstructure of weld S2. Several
defects, which are pointed by arrows, can be seen in the
microstructure. In Fig. 4(c), a large defect can be seen in
the weld zone. According to Fig. 2, it is evident
that the weld S3 has the most HIF. Therefore, due to the

(a)

Fig. 4 SEM photographs of cross-section of welds showing Fe
fragments and defects in weld zone of specimen: (a) S1; (b) S2;
(c) S3

excessive fluidity of plastic material the tool cannot fill
the weld zone with plasticized material, so tunnel defect
is formed. KIM et al [19] reported the formation of
tunnel defect in welds which were performed with high
rotation and low traverse speed (i.e. high heat input of
the weld). It is necessary to note that by decreasing the
heat input, the large tunnel in weld S1 changed to the
scattered voids in weld S2, as shown in Fig. 4(b).

Figure 5 shows high magnification SEM images of
the Al/Fe interface in welds S1 and S2, respectively. It is
necessary to note that the tiny cavities in Fig. 5(b) are the
result of etching solution and do not relate to the friction
stir process. From Fig. 5(a), it can be seen that a
continuous intermetallic layer exists at the Al/Fe
interface. In addition, scattered particles of intermetallic
compound (IMC) exist in the weld nugget. The results
of EDS quantitative analyses of points 1 and 2 in
Fig. 5(a) are (71.66% Al, 28.34% Fe) and (87.23% Al,
9.41% Fe, 3.36% Mn in mole fraction), respectively. The
atomic ratios of Al to Fe at points 1 and 2 are 2.52 and
6.8, respectively. Therefore, it is probable from the
analysis and Al-Fe phase diagram [2] that the phases are

i

Fig. 5 Enlarged SEM images of intermetallic compound layer
and scattered particles in welds: (a) S1; (b) S2
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likely to be AlsFe, and Alg(Fe,Mn). The XRD spectrum
of weld S1 represents the existence of AlsFe, and AlgFe
intermetallic phases in the weld zone (Fig. 6). AlsFe, also
was found in the weld zone of FSWed 1100 Al alloy to
low carbon steel and FSWed 5052 Al alloy to mild steel,
as reported by ELREFAEY et al [24] and FUKUMOTO
et al [25], respectively. The chemical composition of the
indicated points in Fig. 5(b) was analyzed by EDS. The
intermetallic compounds at the Al/Fe interface and
scattered particles in the weld zone were identified as
AlsFe, and Alg(Fe,Mn). The XRD results confirmed the
existence of these phases in the microstructure of weld
S2, but the speetrum is not shown here.

1 4 — AlFe,
a — AlgFe
| . — A]
T o — Fe
.
o |
o
|| & |
4 f .
Il ‘,;. | I b
. A A e I M
I AL W A WOV W,
20 30 40 50 60 70 80 90 100
200(°)

Fig. 6 XRD spectrum of weld S1 illustrating existence of
AlsFe, and AlgFe

The rubbing action of the tool causes shearing off
and scattering the Fe fragments from the steel plate in the
weld zone. In addition, the pin rotating action results in
re-breaking and redistribution of Fe fragments and
causes turning them to tiny particles in the weld zone.
The tiny particles react with aluminum matrix to create
Alg(Fe,Mn). The thickness values of IMC layer at the
Al/Fe interface of welds S1 and S2 are 4.1 and 7.8 pm,
respectively. According to Fig. 2, due to the higher HIF
of weld S2, the thicker continuous IMC layer is formed
at the Al/Fe interface which gives rise to fracturing at the
interface. The Al-Fe intermetallics are very hard and
brittle; therefore the formation of such intermetallics in
weld zone degrades the properties of the joint. In joining
aluminum alloy to steel, there is a contradiction between
literatures on the optimum thickness of IMC layer. It was
reported that the thickness of IMC layer below 5 pm [26]
or 10 um [27,28] was not harmful to welding aluminum
alloy to steel. This study shows that at IMC thickness of
7.8 um the Al/Fe interface is weak (weld S2), whereas at
IMC thickness of 4.1 um the Al/Fe interface has enough
strength and fracture occurs at TMAZ (weld S1). The
comparison between the thicknesses of IMC in welds S1
and S2 and their relative HIFs shows that the increase in

the HIF of weld S1 by 20% results in the increase of
IMC thickness by a factor of 90% in weld S2. This mater
shows that there is a critical heat input factor (HIF)
above which the IMC grows rapidly and joint strength
decreases drastically. As described in section 3.3, by
extrapolating the results on Fig. 2, the critical HIF value
is considered to be 0.8 in which the welds show UTS of
annealed 3003-0 aluminum alloy.

The microstructures of welds S4 and S5 are similar
to those of the other welds and not presented here. It is
necessary to note that a continuous layer of intermetallic
compound was formed at the Al/Fe interface identified as
AlsFe, (the EDS analysis is not shown here). It is worthy
to note that by increasing the welding speed from 12
mm/min (weld S3) to 20 mm/min (weld S4), the large
tunnel is eliminated.

3.5 Effect of tool geometry

As Table 1 presents, the welding conditions of
welds S3 and S6 were similar. However, the weld S6 was
performed by the Tool T2. Tool T2 has a narrower
shoulder and conical pin compared with Tool T1. Table 1
shows that the strength of weld S6 is significantly higher
than that of weld S3. According to Fig. 2, the heat input
factor (HIF) of weld S6 was almost 50% smaller than
that of weld S3, and therefore lower temperature was
produced for weld S6 compared to that for weld S3. This
in turn shows that the effect of cold working was more
preserved in sample S6 than in sample S3. Therefore,
higher strength was obtained. The joint strength of weld
S6 reached 118 MPa. However, it is interesting to note
that the weld S6 fractured almost at the Al/Fe interface. A
thin layer of intermetallic compound was found at upper
region of the Al/Fe interface (Fig. 7(a)). The AlsFe, was
found at the Al/Fe interface and scattered particles of
Alg(Fe,Mn) were produced in the weld zone of samples.
Figure 7(b) shows that no layer of intermetallic phase
was formed at the bottom region of the faying surfaces
and no bonding between aluminum and steel was visible
at the weld root. However, the intermetallic particles of
Alg(Fe,Mn) existed in the bottom region of the weld
(Fig. 7(b)).

The investigation of fracture in weld S6 reveals that
the cracking initiated from the bottom region of Al/Fe
interface and then propagated in a straight line through
interface until reached the upper region of the weld. The
cross-section of the fractured specimen shows that the
aluminum bonded to steel in the upper region of the weld,
however, there was no noticeable bonding between
aluminum and steel at the bottom region of the weld. As
stated above, this weld was performed by a conical pin.
In friction stir butt welds the cross-sections of butting
surfaces are generally rectangular due to ease of
preparation. Therefore, considering the rectangular cross-
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section of steel plate and also the conical shape of the pin
and performed offset, it can be suggested that the conical
pin just rubs the faying surface of the steel plate at the
upper region of the joint and results in strong bonding
between aluminum and steel. In dissimilar FSW of 5083
Al alloy to mild steel, WATANABE et al [9] reported
that it is necessary to push rotating pin toward Fe faying
surface to remove oxide film for obtaining a sound joint.

Al(Fe, Mn)

10 pm

Fig. 7 SEM images of weld S6: (a) Upper region showing
continuous intermetallic layer at Al/Fe interface; (b) Bottom
region representing no intermetallic compound layer and no
obvious bonding between alloys

It is expected that the weld tensile strength can be
increased by decreasing the heat input of the weld zone.
Therefore, weld S7 was performed by a tool similar to
Tool T2 except having a cylindrical pin. The maximum
ultimate tensile strength of 146 MPa was obtained for
weld S7. Due to the low heat input of weld S7, the
thickness of intermetallic layer at the Al/Fe interface
decreased to 0.8 pm and also the strain hardened features
of base alloy were eliminated slightly. Therefore, the
tensile strength of the weld S7 increased and reached
73% of the work hardened alloy and 153% of the
annealed aluminum base alloy.

The results show that there is a maximum HIF (0.8)
for FSW of 3003 Al alloy to steel, above which the joint
strength is decreased due to the formation of thick IMC
and/or defects. In spite of using different process
parameters, in HIF range of 0.4 to 0.8, the UTS values of
welds are almost similar. In this range the 3003-H18
aluminum alloy is annealed and therefore the joint
strength is controlled by annealed TMAZ. At lower HIF
(0.2-0.4), the joint strength is controlled by the Al/Fe
interface and the fracture occurs at the interface. The
comparison between the HIF of welds S1 and S7 and
their IMC thickness shows good conformity between
HIF and IMC thickness. The comparison between
microstructure and strength of the welds shows the good
conformity between the results and the calculated “heat
input factor” based on Eq. (2), so this equation can be
used to predict the range of process parameters in
dissimilar FSW where the properties of base alloys are
incompatible. As an empirical result, to incorporate the
effect of welding speed, it is possible to divide the value
of heat input model on welding speed to optimize the
welding parameters, as shown in this research.

4 Conclusions

Dissimilar friction stir welds between 3003-H18
aluminum alloy and plain carbon steel were obtained
with different tool rotation speed, tool traverse speed and
tool design. The defect free joints were obtained. The
results can be concluded as follows.

1) The heat input model which was developed for
similar FSW was simplified and used for FSW of
dissimilar materials such as aluminum and steel. The
various FSW process parameters were investigated to
assess the heat input model. The comparison between the
microstructure, thickness of IMC and strength of welds
shows the good conformity between the results and the
calculated heat input factor (HIF). The joint strength and
fracture location are controlled by Al/Fe interface in HIF
range of 0.2—-0.4, by strength of TMAZ in HIF range of
0.4—0.8 and by thick IMC and/or defect formation at
HIF>0.8.

2) The results showed that at constant welding
speed, increasing the tool rotation speed from 450 to 700
r/min increased the heat input of the weld zone and
tunnel and cavity were formed, which resulted in
reduction in ultimate tensile strength of the joints from
112 MPa to 28 MPa.

3) At constant rotation speed, the ultimate tensile
strength increased from 28 MPa to 100 MPa by
decreasing the heat input factor because of the increase
in the welding speed.

4) The results showed that if annealing occurred at
the weld zone, the strength of the joint would reduce.
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5) The fracture locations of welds were found to be
a function of heat input and pin geometry. At the highest
heat input, the tensile fracture occurred at the aluminum
TMAZ as a result of large tunnel formation. By
decreasing the heat input, fracture occurred at the Al/Fe
interface where a thick layer of AlsFe, was found. More
reduction in heat input resulted in fracturing at the
TMAZ.

6) A continuous layer of intermetallic compound at
aluminum/steel faying surface was found to be AlsFe,.
Alg(Fe,Mn) intermetallic compound was found in the
weld nugget as scattered particles.

7) The thickness of intermetallic layer increased
from 0.8 um to 7.8 um by increasing the heat input factor.
Using narrower shoulder noticeably reduced the weld
heat input and therefore ultimate tensile strength of the
joint increased to 146 MPa.

8) The study shows that conical pins are not suitable
for welding aluminum to steel with rectangular cross
section for butt joints due to producing no interaction
between steel faying surface and conical pin at the
bottom region of the weld.
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