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Abstract: In this paper, welding feasibility between AA1100, AA5050 and
AA6082 aluminum alloys and A441 AISI steel by friction stir welding has been
studied. For this purpose, numerical simulation of heat generation, material flow,
defect formation, tensile and micro-hardness test were investigated on all joints.
The numerical simulation results indicates that the maximum heat generated in
AAB082 and AA441 AISI joint and heat distribution on AA1100 surface is more
than other joint planes. The optical microscope images revealed that the stir zone
in AA1100-A441 AISI has linear shape, whereas the other joints have elliptical
shape. The AA1100-A441 AlSI stir zone made defect free, meanwhile small tunnel
were formed in the stir zone of AA6082, AA5050 and A441 AISI joints. The
failure position on the tensile specimens was located at the aluminum side on all
joints. The tensile test shows that the uppermost joint efficacy was allocated to
AA6082 - A441 AISI. The micro-hardness tests indicates that the stir zone have
superior hardness with respect to the other weld areas. This phenomenon is the
consequence of distributed steel fragments in stir zone and formation of
intermetallic compounds in Al/St interfaces.
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1 INTRODUCTION

Friction stir welding (FSW), is a solid state joining
process that was invented in 1991 by TWI for welding
of aluminium alloys [1]. In this process, a non-
consumable rotating tool with a probe, is plunged into
the seam between two workpieces to be joined. Local
heating caused by friction between the tool and the
workpiece reduces the flow stress of the material, and
upon translation of the tool, the softened material is
plastically deformed by the rotating pin [2]. The
thermo-mechanical process during friction stir welding
results in the change in the distribution, size and
density of the precipitates in various zones [3].

The temperature reached in the nugget zone (NZ) is
sufficiently high to induce the dissolution of the
hardening precipitates [4-7]. The two sides of the NZ
are commonly referred to as the thermo-mechanically
affected zone (TMAZ), which experiences lower heat
input and smaller plastic deformation. Outside of the
TMAZ is the heat affected zone (HAZ), which is
subjected only to the thermal cycle. Generally, the base
metal (BS) is the area that doesn't experience any
changes [8-9].This process is schematically shown in
Fig. 1.
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Fig. 1  Friction stir welding illustration

In the absence of filler metal in FSW joints, structures
with more strength, higher corrosion resistance and
lower weight can be produced. For this reasons use of
FSW in offshore, aviation and rail construction has
been taken into consideration in recent years. Between
joints that made by FSW method, dissimilar joints
between aluminum alloys and steels are widely used in
low weight constructions [10-11]. Many researchers
worked on friction stir welding of aluminum alloys to
steels.

Elrefaey et al. [10] studied the feasibility of friction stir
lap welding of a commercially aluminum plate to a
low-carbon steel plate. It was reported that weld
strength depended on the pin plunge depth into the steel
surface. However, slight penetration of the probe tip to
the steel surface significantly increased joint strength.
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Kimapong et al., reported that the joint shear strength
decreased with an increasing tool tilt angle and a probe
diameter in friction stir welding of 5083 aluminum and
SS400 steel [12]. Chen et al., investigated on the
friction stir welding of AC4C cast aluminum alloy and
low-carbon zinc-coated steel [13]. They reported that
welding speeds had a significant effect on the tensile
properties and fracture locations of the joints.

Uzun et al., studied on the joining of Al 6013-T4 alloy
and X5CrNi18-10 stainless steel, which was carried out
using friction stir welding technique [14]. Watanabe et
al., investigated the effects of a pin rotation speed and
the position for the pin axis on the tensile strength and
the microstructure of the aluminum alloy and a mild
steel joint [15]. The maximum tensile strength of the
joint was about 86% of that of the aluminum alloy base
metal. Coelho et al., jointed two different grades of
high strength steel to AA6181-T4 Al alloy by friction
stir welding [16]. Dehghani et al., examined Al 5186 to
mild steel joint by friction stir welding technique [17].
The effects of various friction stir welding parameters
were investigated on this joint. They reported that by
increasing welding speed and tool rotational speed,
joint tensile strength were increased. The strongest joint
produced by Dehghani et al., had 90% of aluminum
base alloy strength.

1XXX aluminum alloys have very low alloy elements.
AA1100 has excellent characteristics in terms of
thermal and electric conductivity, workability and
corrosion resistance [18]. Aluminum-magnesium alloys
of the 5XXX series have relatively high strength.
AA5050 aluminum alloy is extensively used in
structural applications, for cryogenic applications and
in the naval sector [19]. AA6082 is particularly suitable
to structural, architectural and decorative applications
[21], where this alloy is categorized in magnesium-
silicon alloys. The aim of this article is investigation of
feasibility study on friction stir welding of A441 AISI

steel to Aluminum alloys.

2 EXPERIMENTAL PROCEDURE

In this research AA1100, AA5050 and AA6082
aluminum alloys and A441 AISI plates with 3mm
thickness were welded by regular milling machine. In
the experimental process design, aluminum alloys
placed advancing side, and A441 AISI as retreating
side in welding fixture set on welding machine as
shown in Fig. 2. Mechanical Properties of A441 AISI
and aluminium alloys base metals are presented in
Table 1. Welding procedure applied by hard tool which
is made of Tungsten-Carbide with frustum pin, as
shown in Fig. 3. The tool pin length was 3.4 mm, head
diameter 4 mm, and 6 mm in beneath. The tool had 20
mm shoulder diameter.
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Fig.2  FSW parts locations.

Table 1 Mechanical Properties of base metals [18]

was set at 25mm/min. To study the weld behaviour in
tensile test, three samples were cut from each joint
according to the ASTM E8-MO03 standard by wire cut
machine as shown in Fig. 4. Cross section window of
welds were analysed by optical microscopy (OM) and
surface material flow was observed by video measuring
machine (VMM).

Fig.4  Tensile test specimens

3 GOVERNING EQUATIONS

A441 AA110

Ne s AA5050  AAG082
p, kgim® 7800 2713 2685 2700
MPL°c 1400 657 652 652
K Wimk 427 222 193 167
Cp, kg.K 477 900 898 896
oy, MPa 344 34 166 267
Gurs, MPa 580 90 193 310
7, MPa 380 62 138 207
E2, % 15 35 24 12
VB® 355 23 53 95

SECTION A-A

Fig.3  FSW frustum tool

Tool rotation direction was CCW, with 2° title angle
from plate's normal surfaces and 1.5 mm offset in
aluminium side. During the entire welding process, tool
rotational speed was set at 710rpm and linear speeds
that aluminium and steel sheets were welded together,

! Melting Point
2 Elongation
% Vickers Hardness

Heat generated by tool during the FSW process is
caused by the friction and plastic deformation. In
previous studies, researchers have found that only 4.5%
of the total process heat is caused by plastic
deformation [21]. FSW rotational tool after the initial
pressure and dive into the work piece with frictional
contact causes heat in the affected areas [22]. The FSW
tool momentum conservation equation with forward
speed on the joint line (x-axis) is defined as [21]:

= —+
ﬂaxj #6xi
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P o, 6xi{ ]p i, O

In Eq. (1), p stands for density, V for linear velocity of
the moving tool and P for flow pressure. In this
equation, p is a coefficient for non-Newtonian fluid,
defined as ratio of the effective flow stress (o¢) to
effective strain rate (&), where this parameter is
presented as follows:

u=2 @

As mentioned, (o) is effective flow stress and (&) is
strain rate, due to the material properties which can be
written as follows:

1
1 o (Z
o, =—arcsinh| — 3
° a (Aj ®)
In the Eq. (3), o, A and n are constants related to the

base metals and Z is Zener-Holomon parameter which
is defined as:
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Z =gexp (%) 4

In Eq. (4), Q is the activation energy, R is the gas
constant and (¢ ) is the effective strain rate defined as:

1
. (2 2
&= 3%k 5)
Where g;; is the strain rate tensor, defined as [23]:
To2lox,  ox, ©)

In welding process, the amount of torque applied on the
workpieces must overcome to the maximum shear
strength defined as follows [23]:

-2y
T3 (")

In this method, the frictional heat generation depends
on the engaging surfaces between tool and workpieses.
In this step, rotational pin beneath makes a hot hole that
is known as technological hole. This area can also be
created artificially to reduce the stresses on the FSW
tool. The proportion of the maximum heat produced in
FSW and workpieces melting temperature is defined by
the following equation [23]:

T w )
T:K(wa‘*j ®)

M

Where a is between 0.04 to 0.06 and Kk is a constant
selected between 0.65 to 0.75; v and o are the tool
rotational speed and welding speed respectively.
According to the previous researches, the maximum
temperature in friction stir welding can be about 0.6 to
0.9 base metal melting points. In this process, frictional
heat generated by the tool is defined by the following
equation [24-26]:

3 3
T _4 [orzay (D®+d%)(1+P)(1+tana)
3 \! pcK,, 8

+ Ky x 2unthrV + Vu Afn'PM F +8awruyF xﬁ 2ursina (9)
BT .

In this equation p, 7, t, K and C stand for density, shear
strength, sheet thickness, thermal conductivity and
specific heat respectively. While, D, d, a are tool
shoulder diameter, tool pin diameter and pin angel,
respectively. Also u stands for friction, » stands for
tool rotational speed, V stands for welding travel speed,
and w and T indexes stand for workpiece and tool.
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During the process some of the heat generated at the
interface of the tool and the work piece is wasted. This
phenomenon is caused by heat transfer between the tool
and the workpiece. In order to enhance the accuracy of
simulation results, these parameters entered as
correcting factor in Eq. (9). Finally, at the intersection
of the tool and the workpiece Eq. (9) appears as below

[21]:
( ‘Jkpcp )wonkpiece

q= xT (10)

( \ kpCp )workpiece +( VkpCp )tool

Where q, is defined as heat generated rate per unit
volume resulted as the plastic deformation outside area
in the interface of workpiece and tool. This heat is
about 4.5% of the total temperature engendered during
FSW which is defined as follows [21]:

q —di—ﬂ %) (11)
VR

In Eq. (11), p is coefficient of friction between the
surfaces, B is the fraction of plastic deformation
dissipated as heat, and @ is also defined as [21]:

3 2 2 2
@:22 ai + %.{.au_z + %4_%
=\ X, ox, OX, OX, OX,;
2
L[ Qs | Oup
OX, OX,
Heat transfer between the workpiece surfaces and the

tools surrounding environment as radiation and
conduction is done which can be defined as:

(12)

T

~ Lop =Be(T*-T})+h(T -T,) (13)

Where T, is ambient temperature and h is the surface
heat transfer coefficient.

Table 2 Tool parameters
Tool Tool

Value Value
Parameters Parameters
, rpm 710 D, mm 20
V, mm/min 25 D, mm 6
MP, °C 2500 h, mm 2.8
P, kg.m® 19400 a 84
Cp, Jkg. K 1580 u 0.4
K, W/im.k 0.367 P,N 12e6

The heat transfer at the bottom of the tool is defined as
follows:

kK—|  =h(T-T,) (14)



Int J Advanced Design and Manufacturing Technology, Vol. 7/ No. 4/ December - 2014 103

Where h, represents the heat transfer coefficient in
beneath of tool. The above equations are written as
code at MATLAB 2011 software, where the parameters
used in numerical simulation are listed in Table 2.

4 RESULTS AND DISCUSSION

4.1. Heat generation and distribution

The equations described in Section 3, are used to study
the effects of the position of the harder material relative
to the softer material on the quality of weld temperature
produced by FSW. The parameters under investigation
include heat generation temperatures distribution and
mechanical strain rate across the welded joint. The
results are presented and discussed in this section. Fig.
5 shows the computed thermal cycles at the weld center
line. It is worth mentioning that the maximum
predicted temperature is about 810 °C, in welding of
AA6082 to A441 AISI, while the minimum
temperature is 760 °C, allocated to AA1100 to A441
AISI joint. As can be seen, the amount of frictional heat
generated at the welding of AA5050 to A441 AISI is
790 °C. These results reveals that the produced
temperatures are lower than the melting temperature of
all sheets, which means that all the joints are developed
in the solid state.
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Fig.5  Computed frictional heat generation in the joints.

The estimated temperature distribution during FSW
using featured tool pin, is depicted in Fig. 6. The results
show that the temperature gradient in the aluminum
alloys is higher than that in the steel side irrespective of
aluminum  alloys positions. The temperature
distribution is not similar in nature to those for similar
alloy joining. This is expected because the two alloys
don’t have similar thermo-physical properties. The
difference in alloying elements leads to differences in
mechanical properties which affect the computed
temperature in these cases.

Given that the mechanical parameters were considered
constant for all connections, the difference of shear
strength between aluminium alloys affected directly on
frictional heat. In other hand, placing the A441 AISI at
the advancing side resulted in slightly higher process
temperatures [27-29]. Placing the harder alloy at the
advancing side would create a greater tool-workpiece
slippage, as a result of material flow resistance, which
leads to domination of frictional heat over plastic work
heat [9]. Therefore, higher temperature would be
expected to develop at the surface [30]. Moreover,
placing the softer material at advancing side would lead
to less slippage; therefore, less frictional heat and more
plastic work are produced. Due to the different heat
transfer coefficient in each alloy, the temperature
distribution during each welding situation will be
different. During all FSW processes, temperature
distribution on the steel surface was identical.

(a)

(b)

A441 AISI
s =3
g =3

©
Fig. 6  Heat distribution in (a) AA1100-A441 AlSI,
(b) AA5050-A441 AISI and (c) AA6082-A441 AISI joints.

To better understand the heat flux in top surface of
workpieces, distribution of heat in each alloy was
calculated separately. Figure 7 shows the distribution of
produced frictional heat in top surface of workpieces
after 40s that were obtained by solving the governing
equations from the MATLAB software. Surface
temperature distribution in the AA1100 and A441
AAISI joint is wider than other connections. Heat
distributions on the top surface of AA5050 and A441
AISI and AA6082 and A441 AISI have smaller range.
This distinction in frictional heat distribution in each
welding situation depends on the thermal and physical
properties of the base metals. Increasing the
temperature distribution results a rise in amplitude of
the deformed areas while a drop in the cooling rate.

Considering the selected parameters during the
simulation, 40 seconds after the linear movement of the
FSW tool, 16 mm of the joint line is traversed. Due to
the higher AA1100 aluminium thermal conductivity
compared with other aluminium alloys, cooling rate in
this base metal surface is more than other alloys. In this
category, AA5050 and AA6082 are in the next rank

© 2014 1AU, Majlesi Branch
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respectively. These characteristics emphasize that in
the AA6082 and A441 AISI, microstructure changes
after welding are less significant than other joints.

A441 AISI steel
AA1100 Aluminum alloy

A441 AISI steel
AA5050 Aluminum alloy

Tool plunge

O
—

A441 AISI steel
AA6082 Aluminum alloy

C)

Fig. 7 Computed frictional heat generation in (a) AA1100-
A441 AlSI, (b) AA5050-A441 AISI and (c) AAB082-A441
AISI joints.

4.2. Analysis of the weld shapes

Figure 8 exhibit images of texture patterns on the
transverse cross-section of various welds. In all these

© 2014 IAU, Majlesi Branch

images, the A441 AISI is on the left and the aluminum
alloys are on the right. In particular, Figs. 8(a), 8(b) and
8(c) expose the effect of the material stir on the texture
pattern on the AA6082, AA5050 and AA1100 joints
with A441 AISI steel respectively. At the first step, the
shapes of the welds are analyzed, where the macro-
sections reveal a zone comprising the so-called nugget
zone, thermo-mechanical affected zone (TMAZ) and
heat effected zone (HAZ) which is visible in aluminum
sides. In the steel side only heat affected zone (HAZ) is
formed. The larger part is in the upper portion of the
welds revealing the key role of the shoulder on the
material stirring. The thinner part is in the lower part of
the weld at all joints.

Fig.8  Cross-sectional view of (a) AA1100-A441 AlSI,
(b) AA5050-A441 AISI and (c) AA6082-A441 AISI joints.

In addition, in the upper portion of each weld, the steel
side and aluminum side zones are not symmetric.
Differences in stir zone shape can be seen, despite the
constant tool used in this study. With a quick look at
each joint, it can be concluded that AA6082 - A441
AISI stir zone has circular shape, but AA5050 - A441
AISI weld has ellipsoidal stir zone. This phenomenon
is related to the lower shear strength of AA5050
compared with AA6082 aluminum alloy. In both
samples, the speared of fine steel fragments are visible
into aluminum matrix. Between chosen aluminum
alloys in this study, AA1100 alloy has lower shear
strength than others. Through this weld cross section,
the analyzed joint showed no evidence of mixing
between the AA1100 alloy and the A441 AISI. Other
recognizable characteristics in joints windows shown in
Fig. 8 are layered structures and steel fragments that
have been separated inside the joint transverse.
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At the second step, the defects formation is analyzed.
Material flow is layer wise in pin driven region and
bulk flow in shoulder driven region [30]. It is
understood that sound joint produced when shoulder
driven material merge with pin driven material. This
requires adequate temperature and hydrostatic pressure
as well [30].

As can be seen in Fig. 8(a), this joint has small tunnel
in the bottom of stir zone. Similarly, this defect is
formed in AA5050 - A441 AISI joint as seen in Fig.
8(b). All these defects are formed in aluminum side.
The main reasons of formation of these defects are
related to low heat generation and improper material
flow. Inappropriate material flow under this condition
caused lack of surface fill, wormhole defect, or lack of
consolidation [31]. Figure 8(c) shows the effect of
higher heat transfer of aluminum base metal on the
texture pattern for similar parameters compared with
other welding samples. In this case, thermal properties
of AA1100 aluminum alloy helps production of defect
free joint.

4.3. Surface material flow

The horizontal view of the weld surfaces jointed in this
study, are shown in Fig. 9. When the tool is traversed,
the leading edge material flows to the trailing edge.
During this transfer process, the plasticized material
flows between tool and the relatively cooler base metal
[30]. As the tool advances, material from the leading
edge fills the space created due to the traverse
movement, and forms the stacking of layer in the
welding direction as welding progresses [30]. The
material interface between the advancing side and the
retreating side is clearly visible on longitudinal view.
Overall, the interface is straight and parallel to the
welding line.

The arc-shaped, equal-spaced banded textures are
created only in the retreating side of all joints (to the
right of the material interface). As shown in Fig. 9, the
composition of any aluminum alloys is different with
the A441 AISI steel. Surface flow of the AA6082 alloy
into the A441 AISI steel is formed in the ring shape
with minimal space from each other as shown in Fig.
9(a). Joint interface relative to the geometric center of
stir zone, is located on the steel side. There are small
holes in joint surface at aluminum side and flash bond
in steel side. If the shoulder is not capable for confining
the transferred material within weld nugget zone, a part
of transferred material is lost as flash [30]. Hence, the
shoulder driven material is not enough to fill the stir
zone, leading to groove and void defects in the weld as
shown in Fig. 9. AA5050 aluminum alloy and A441
AISI surface material flow is shown in Fig. 9(b).

The interface in this joint is zigzag-shaped and
violently tortuous. The volume of stirred plastic
material is more extensive than other welds. This issue

has led to greater connectivity of superficial ring
diameter while increasing the distance between them.
In the weld, joint interface has shifted slightly to the
geometric central axis. Low generated heat was not
able to reduce the flow stress of materials sufficiently
and caused unacceptable surface flow and tunnel void
in the nugget zone.

Geometric center line

AAGOS2

72
<
-
-
-

Ad41 AISI

Fig.9  Top view of (a) AA1100-A441 AlSI, (b) AA5050-
A441 AISI and (c) AA6082-A441 AISI joints surface flow.

Planar view of AA1100 aluminum alloy joint to A441
AISI is shown in Fig. 9(c). In particular, the interface
line in this joint is discontinuous and is inserted into the
space between arc-shaped bands. In this connection
surface flow is in the maelstrom form. In this joint,
mixing of aluminum and steel was formed layer wise
and broken; while the interface between aluminum and
steel was also created close to the geometric center of
the sheets.
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4.4, Tensile Properties

Tensile test was an important factor that indicated the
weldability of aluminum alloys to A441 AISI steel. The
results of tensile test indicates that ultimate tensile
strength (UTS) of AA6082, AA5050 and AA1100
alloys joint to A441 AISI steel were 184 MPa, 161
MPa and 62 MPa, respectively, as shown in Fig. 10.
Based on physical difference between aluminum base
metals, the results do not reveal the relation between
weldability of aluminum alloy to A441 AISI.

190 -
180

1704
160
1504
140
130 4
120 4
= 1104
& 100 1
90 4
804
70 4
60
50 4
404
304
204
0

UTS (M

1
AA6082+A441 AAS5050+A441 AA1100+A441

Fig. 10 Ultimate tensile strength of joints
Accordingly, in order to study the effects of tensile

strength on the joints, a factor is introduced as Joint
Efficacy (JE), written as follows:

J oint Effl cacy — Joint ultimate tensile strength ><100 (15)

Base metal ultimate tensile strength

i{ === Based on aluminium base metal
90 - ---- = Based on steel base metal

T T T
AAG6082 + Ad41 AAS050 + Ad41 AATI00 + Ad4l

Fig. 11 Joint efficacy of A441 AISI to aluminum alloys
joints
The results of JE are summarized in Fig. 11. The
highest JE of FSW obtained in this study was 84%
aluminum base metal, which is allocated to AA5050 to
A441 AISI joint. This comparison indicated that

© 2014 IAU, Majlesi Branch

mingling between AA5050 to A441 AISI is more
significant than other joints. Reverting to chemical
composition of 5XXX alloys, manifested that the Mg
element in AA5050 has good metallurgical efficacy on
A441 AISI steel joint. On the other hand, it seems that
Si element has inferior effect on the joint strength.

The reason for this persuasion is related to the lowest
tensile strength of AA6082 joint to A441 AISI
compared with AA1100 to A441 AISI which is
categorized as non-alloying aluminums. As specified
the JE of all joints based on steel base metal in
AA6082, AA5050 and AA1100 joints are 31, 27 and
10 percent respectively. The visual observation on
welds specimens shows that the fracture path location
of each joint is different with others. This difference is
related to the sheets materials, joint efficacy and quality
of stir zone. Considering the failure location by optical
microscope, specified that the AA6082 tensile
specimen was broken from AL-St interface. The
AA5050 and A441 AISI joint fracture location was in
SZ but in AA1100 joint, the fracture path was in HAZ
as shown in left side of Fig. 12.

Fig. 12 A441 AISI to aluminum alloys joints fracture path.

The difference between fracture locations of tensile
specimens is due to the difference in the strength of
joints. Inspecting the magnified pictures indicated that
some macroscopic changes have happened in sheets
interface after friction stir welding. These physical
changes are the result of material displacement which
leads to the variation of joints strength. FSW rotating
tool shifts aluminum towards steel side and
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simultaneously guides the detached steel fragments to
the aluminum matrix. In this situation, due to the
separation of the steel fragments, the steel edges were
saw-toothed. By continuing tool rotation and its
forward movement, the heat source departs the stir
zone and temperature drops to ambient. This process
leads to a physical lock by merging the steel denote
edge with aluminum base metal.

In AA6082 joint with A441 AISI the tiny dentate
formed in weld interface. The physical changes in
AA5050 and A441 AISI adjacent edge was more than
other joints. The mechanical lock in AA5050 and A441
AISI is ripple shape. No dentate connection was
observed in AA1100 to A441 AISI interface. Due to
the additional softness and lower flow stress of
AA1100 alloy with respect to other aluminum alloys,
the metallurgical changes around FSW pin occurred
quickly. These physical properties caused the generated
heat to be less at welding line compared to other two
joints and consequently less significant stir zone was
formed in joint line. The main finding regarding the
percentage of extension of the joints are summarized in
Fig. 13. It can be concluded that all joints extension
reveal almost the same trend as well as tensile strength.
The amount of the AA6082, AA5050 and AA1100
aluminum alloys joints elongation are 1.9, 5 and 1.6
percent, respectively.

5.25
5.00 4
4.75 4
4.50
4.25 4
4.00
3.75 4
3.50
3.25 4
3.00 A
2.75
2.50 4
2254
2.00 A
1.75 4

1.50 ; .
1.25 : :

Extension (%)

T T T
AAGO82 + A44] AAS050 + A441 AATI00 + Ad41

Fig. 13  A441 AISI to aluminum alloys joints extensions.

4.5. Micro-hardness

The micro-hardness profiles for different joints versus
distance from the weld centre are depicted in Fig. 14. In
all the cases, the hardness decreases by increasing the
distance from the weld centre. The minimum amount of
the hardness is located at the aluminium BMs and, by
increasing the distance from this point, the hardness
gradually increases, reaching the maximum hardness in
SZ. In the FSW process, the thermo-mechanical cycle
experienced by the material in the SZ, essentially
involves hot working. The SZ is subjected to the
greatest strain and strain rates as well as the highest

temperatures. These changes create appropriate
condition for the formation of aluminium-steel
intermetallic compounds [17].

These changes are the main reasons for increasing
micro-hardness in SZ that exist in all joints. Between
selected aluminium alloys in this study, interaction
between AA1100 and A441 AISI was more than other
joints. This phenomenon is the reason for lower tensile
strength and higher SZ micro-hardness of AA1100 and
A441 AISI compared to other welds. Steel fragments
and structured layer formation in AA6082 and A441
AISI caused more micro-hardness compared to
AA5050 and A441 AISI joint. Although the TMAZ
undergoes plastic deformation, recrystallization usually
does not occur in this zone owing to insufficient
deformation strain [31].

However, dissolution, over-ageing, and coarsening of
some precipitates are observed in the TMAZ at
aluminium side, owing to high temperature exposure
during the FSW process [31]. The loss of the TMAZ
hardness in aluminium side compared with SZ
hardness, can be attributed to the grain refinement in
the SZ, caused by the intensive stirring [32]. The
micro-hardness results reveals that the changes of
micro-hardness at the TMAZ-HAZ interface on the
steel sides are smoother than aluminium sides. This is
because, the thermal cycle in the HAZ of the
aluminium welds were more effective in hardness
changes than steel side.
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Fig. 14 A441 AISI to aluminum alloys joints
micro-hardness

5 CONCLUSION

In this research, 1XXX, 5XXX and 6XXX aluminum
alloys and A441 AISI Steel were successfully welded
by FSW technique. The results of the mechanical
properties investigation on aluminum alloys and A441
AISI steel joint are presented below:
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1- According to numerical calculations, the amount of
heat generated at the junction between AA6082 and
A441 AISI was higher than other welds. This is due to
greater shear strength of AA6082 aluminum compared
to other aluminum alloys in this study.

2- Based on numerical simulations and recorded actual
temperature, heat distribution on top surface of
AA1100 aluminum and A441 AISI is more significant
than other connections. This is due to higher heat
transfer coefficient of AA1100 aluminum than other
alloys.

3- Between welded joints, FSW of AA1100 aluminum
and A441 AISI has better surface material flow. Due to
the low shear strength, AA1100 aluminum alloy had
more vortexes. This phenomenon caused proper stir
and the defect free joint in this connection.

4- AA5050 and A441 AISI joint efficacy is 85% based
on aluminum base metal. The connection of AA6082
and A441 AISI joint efficacy base steel metal is larger
than all joints.

5- AA1100 and A441 AISI joint interface micro-
hardness is greater than other joints. This phenomenon
leads to the formation of intermetallic layer in abutting
edges of sheets.
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