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Abstract

Steel (St) and aluminum (Al) have a high affinity to each other and form intermetallic compounds (IMCs) when bonded by
friction stir welding (FSW). Understanding the effect of alloying elements of steel on the formation of IMCs will help to
design joints in which the formation of IMCs is controlled. In this study, two kinds of steel, carbon steel (CS) and austenitic
stainless steel (SS) with 3 mm thickness, were selected to be welded to aluminum by FSW under similar conditions. The
effect of the rotation speed of the FSW tool was also examined in the range of 850—-1300 RPM. The morphology, thickness,
and composition of IMCs in the interfaces were studied by various characterization techniques. It was observed that the
IMC layers in the SS/Al joints were much thinner than the ones in CS/Al joints (0.1-0.7 um in SS/Al and 2-6 um in CS/
Al). Moreover, the thickness of IMC layer in CS/Al joints increased with increasing the rotation speed while in SS/AI joints
it began to decline by exceeding a certain rotation speed. In order to explain these differences, diffusion-based equations
were used to calculate the interdiffusion coefficients in both SS/AI and CS/Al couples. It was found that the interdiffusion
coefficient in SS/Al was lower than CS/Al. This was attributed to the alloying elements of SS such as Ni and Cr which can
diffuse to IMC layer and hinder the growth rate of IMCs. It was also observed that some form of liquation occurred in SS/
Al joints at high rotation speed of FSW due to the formation of a low-melting multielement compound of Al-Fe—Cr—Ni.
The decline of IMC thickness in SS/AI joints at high rotation speed was attributed to this multielement compound which
was melted during FSW and reduced the nucleation rate of Al-Fe IMCs. Finally, the fracture of the specimens and the effect
of IMC formation on the joint establishment were elaborated. It was concluded that the alloying elements of steel have a
beneficial effect on controlling the growth of IMCs.
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1 Introduction

The replacement of traditional steel-based construction with
lightweight structures made of aluminum is increasing in the
automotive industry [1-3]. In addition to weight reduction,
there are other advantages found by replacing steel with alu-
minum. The use of aluminum-steel hybrid structures instead
of full steel structures in the front rails of the vehicle increases
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advantage that it can be done in butt configuration and can
establish metallurgical bonding rather than a mechanical con-
nection [8]. Recently, this process is adopted to be used for
joining hard materials such as steel [9]. In contrast to fusion
welding processes where a large amount of IMC is generated
during welding [10], the IMCs formed in FSW are limited
[11]. However, depending on their morphology, even a small
amount of IMCs can degrade the joint strength [12]. On the
other hand, the existence of IMCs would be an indicative of
a joint establishment and guarantees there is a bond between
the materials [13].

Among the various Al/St IMCs, the orthorhombic Fe,Al;
is more likely to be produced during the FSW process [14].
This phase has a low fracture toughness and tends to generate
a brittle fracture [15]. The IMCs not only affect the mechani-
cal properties, but also the corrosion behavior is influenced by
their presence [16]. This clarifies even more the importance
of controlling the IMCs during the welding process. Since the
formation of IMC:s is inevitable, the only way to mitigate their
adverse effects on joint strength is to control their thickness
and morphology [17]. This is most commonly achieved by
controlling the heat input [18]. The most straight forward way
to achieve this is to control the welding parameters like tool
geometry, rotational speed and so on [19, 20]. Using interlay-
ers such as copper or nickel is another alternative to control
the growth of IMCs [21]. The effect of welding parameters
on IMCs formation during FSW of dissimilar materials has
been well studied in the literature [22-25]. In the FSW of the
dissimilar Al/St joint, each paper focused primarily on a spe-
cific pair of dissimilar metals. Some examples are AA6061/
DCO04 [26], Al15052/carbon steel [27], AA6061/AISI304 [28],
Al15083/DP590 [29], A16061/ASTM A36 [30] and so on. To
the knowledge of the authors, no study is available that com-
pares different pairs of base materials with regards to their
effect on the formation of IMCs. In other words, it is not clear
whether the alloying elements of a base metal can affect the
formation of IMCs during FSW. For example, important dif-
ferences may arise when an aluminum alloy is friction stir
welded to a carbon steel or to a stainless steel. The differ-
ent heat conductivity of two materials can also influence the
thermal history in welding [31] and this may also affect the
kinetics of IMCs formation.

The characteristics of the base material, such as crystal
structure, microstructure and chemical composition can all
influence the growth of IMCs, with the latter having the great-
est influence. The influence of alloying elements on IMCs for-
mation is well studied in the literature [32]. Zhang et al. [33]
examined the effect of Si and Ge on the thickness of the IMC

layer and concluded that the introduction of Si and Ge reduces
the likelihood of reaction and thereby reduces the thickness
of the Al-Fe IMC layer. While there are many studies on the
effect of alloying elements Al-Fe IMCs formation during
fusion based processes [34], this effect has not yet been stud-
ied for FSW processes.

This study aims to compare the response of two different
kinds of steels during FSW with Al. The purpose is to assess
how Al/St IMCs nucleation and growth is affected by base
material during FSW. For this purpose, two types of steels,
carbon steel and stainless steel, were chosen to be welded to
aluminum under identical conditions. In the present study,
only the effect of rotation speed is investigated as it is the
most important factor in FSW [35]. In both cases, the mor-
phology, thickness, and composition of IMC were examined
and compared. Electron microscopy techniques were used
to characterize the IMCs at the interface. Tensile tests were
performed to assess the joint strength and fracture behavior.
Diffusion-based equations and quasi-binary phase diagrams
were used to explain the influence of the alloying element on
Al/Fe IMC:s. Finally, a mechanism was suggested to explain
the nucleation and growth mechanism of IMCs during FSW
of SS/Al and CS/Al

2 Experimental Procedure

A 316 stainless steel (SS) and a st37 carbon steel (CS) were
chosen to be welded to an A11050 commercially pure alu-
minum (Al), each one supplied in 3 mm thick sheets. Table 1
shows the main elements of two types of steels used in this
study. AA1050 consists of 99.5 wt% aluminum, with the
remainder being composed of Fe and Si.

A H13 tool steel bar was machined to make the FSW tool.
Thereafter, a heat treatment was carried out to increase the
hardness to 42 HRC. Sheets of steel and aluminum were
clamped to the table of the FSW machine. The welding
speed was constant and set to 30 mm/min. The tool was
plunged in Al. Since a minimum degree of penetration of the
tool in St is required to establish the joint [36], an offset of
the tool equal to 1 mm was applied towards the steel plate,
as shown in Fig. 1a. More detail on the FSW process can
be found in a previous work by the authors [12] with the
difference that in this study both the pin and shoulder were
in rotation. The samples numbering and the corresponding
welding condition are listed in Table 2.

Back Scatter Scanning Electron Microscopy (BS SEM)
and Energy Dispersive Spectroscopy (EDS) were employed

Table 1 Major elements of CS

El ts (wt% C M P S Si C Ni M
and SS used here to be joined ements (Wt%) . ! ‘ ' °
with Al Carbon steel (CS) 0.2 0.75 0.05 0.05 0.3 - - -
Stainless steel (SS) 0.08 2 0.045 0.03 0.75 18 14
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Fig. 1 a The schematic of the ()
FSW process and the pin posi-
tion with respect to the sheets.
b The position of the tool

with respect to both materials.

Steel
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The areas which are marked
by black rectangles show the
locations of the analyses. ¢ The
drawing of the tool (b)

Steel
Pin border line
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"\ (c)

Aluminum
¥ 14 mm
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Table2 The samples numbering, the corresponding welding param-
eters and the steel types used for obtaining SS/Al and CS/Al joints by
FSW

Sample number Rotation speed ~ Steel type Welding
(RPM) speed (mm/
min)
No. 1 850 SS 30
No. 2 850 CS 30
No. 3 1000 SS 30
No. 4 1000 CS 30
No. 5 1150 SS 30
No. 6 1150 CS 30
No. 7 1300 SS 30
No. 8 1300 CS 30

to characterize the morphology and thickness of IMCs
and to accurately measure chemical composition of IMCs.
Transmission Electron Microscopy (TEM), High-Resolution
Transmission Electron Microscopy (HRTEM) were used to
identify the types of IMCs at the interface. These analyses
were performed on two locations of the weld interface, the
center, and the root, as shown in Fig. 1b. This figure also
shows the location of the pin (red dashed line) with respect
to two materials. It can be observed that there was not a
full penetration of the tool and the root of the joint had no
contact with the pin. The drawing of the tool of FSW is also
provided in Fig. 1c.

The thickness of IMC layer was measured in several
points of each joint using ImagelJ software and its average
was considered as the thickness of the IMC layer. Two ten-
sile samples were prepared from each welding condition
to evaluate the joint strength. The tensile specimens were
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prepared according to ASTM E8M standard. The specimens
are shown in Fig. 2.

3 Results and Discussion

Since the IMC layer thickness and composition were the
most important characteristics considered in the present
study, mainly SEM images in backscatter mode and EDS
analyses were provided here. In Fig. 3a, b are shown the
interface of SS/ALl joint (No. 1) in two different magnifica-
tions. A thin IMC layer (0.1 pum thickness) is discernible at
the interface.

In Fig. 3c, d are shown the SEM images taken from the
interface of CS/Al welded joint (No. 2). On the macroscopic
scale (Fig. 3c) the interface seems uniform, while on the
microscopic scale (Fig. 3d) the IMCs at the interface seem
distributed. In this case, the IMC layer thickness is not uni-
form, and some discontinuities are observed at the interface.
The average thickness of IMC in this joint was measured to
be 2.1 um.

In Fig. 4a, b are shown the SEM images from the inter-
face of SS/ALl joint (sample 3) taken from 2 different loca-
tions. In this figure the IMC layer is more observable than
the one shown in Fig. 3a, b. The average thickness of the
IMC layer in this sample was 0.2 pm. A hybrid contrast of
the IMC layer in Fig. 4b shows that it is composed of two
different layers. The element map analysis of the weld inter-
face is shown in Fig. 4c. In addition to Al and Fe, the alloy-
ing elements of SS such as Ni, Cr and Mn are also present in
the IMC layer. A chemical composition gradient can be seen
across the interface, as a color gradient is observed in these
regions. Figure 4d, e show the interface of the CS/Al joint
(No. 4). A streak of an IMC layer is observed in steel next to
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Fig.2 Tensile specimens prepared from the joints

Fig.3 a, b SEM images taken from the interface of SS—Al welded
joint (No. 1). ¢, d SEM images taken from the interface of CS-Al
welded joint (No. 2). Both joints were made at 850 RPM

the interface. The average thickness of the IMC layer in this
sample was 2.5 pm. Some discontinuities are also observed
in the interface. The elemental map of the weld interface is
shown in Fig. 4f. No color gradient is observed across the
interface, indicating that no chemical composition gradient
exists inside the IMC layer. In Fig. 4c the color gradients
are more discernible than in Fig. 4f, indicating that there is
a higher gradient of chemical composition across the IMC
layer in sample 3.

The SEM images of the joint interface of sample 5 (SS/
Al) are provided in Fig. 5a, b. The line scan analysis across
the interface along the yellow line shown in Fig. 5b is pro-
vided in Fig. 5c. The highlighted yellow regions inside the
plot region correspond to IMC layers. In all IMC layers a
steep gradient of chemical composition is observed. Moreo-
ver, the alloying elements of stainless steel are present in
these IMC layers. This implies that not only the Fe atoms,
but also the Cr and Ni atoms have diffused into aluminum
and remained in the Al-Fe IMC layer. Later in the present
paper it will be explained how these alloying elements hin-
der the interdiffusion rate and reduce the growth kinetics
of the IMC layer. The thinner IMC layer in SS/Al joints is
attributed to the presence of these elements.

The SEM image of the joint interface of sample 6 (CS/
Al) is provided in Fig. 5d, e. A higher volume of IMCs is
observed in this sample. The line scan analysis across the
interface along the yellow line in Fig. Se is provided in
Fig. 5f. No chemical gradient is observed inside the IMC
layer on the left side (corresponding to the streak of IMC
layer). A slight gradient is observed inside the IMC layer on
the right side (corresponding to the IMC layer in the inter-
face). The chemical gradient inside this layer is 10 units/um
which is six times smaller than the chemical gradient inside
the IMC layer in Fig. 5S¢ which is around 60 units/um. Later
in this study it will be discussed how a high diffusion rate
due to the absence of alloying elements causes a very slight
gradient of chemical composition inside the IMC layer. It
will also be discussed how the growth rate of IMC layer
is pronounced due to a high diffusion rate in CS/Al joints.
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Fig.4 a, b SEM images from the interface of SS—Al welded joint (No. 3). ¢ The element map analysis of the weld interface (No. 3). d, e SEM
images from the interface of CS—Al welded joint (No. 4). f The element map analysis of the weld interface (No. 4)

Fig.5 a, b SEM image of the
joint interface of sample 5. ¢
The line scan analysis across the
interface along the yellow line
marked in b. d, e SEM image of
the joint interface of sample 6. f
The line scan analysis across the
interface along the yellow line
marked in e. g, h SEM image
of the joint interface of sample
7. ¢ The line scan analysis
across the interface along the
yellow line marked in h. i The
highlighted yellow regions are
the IMC layers. A high steep of
chemical composition gradient
is noticeable inside the IMC
layers in SS/Al couples. (Color
figure online)
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Fig.6 Higher magnification SEM images from the streaks of a SS/
Al (sample 5) and b CS/Al joints (sample 6). The un-transformed Al
layer is clear in the middle of the streak in SS/Al joint. Both welds
were performed at 1150 RPM

The SEM images of the joint interface of sample No. 7
(SS/Al) are provided in Fig. 5g and h. It is noticeable how
thin the IMC layer at the interface is. Although a higher rota-
tion speed was used during FSW of sample 7 in comparison
with sample 5, the thickness of the IMC layer was smaller
in sample 7 (0.2 um in sample 7, 0.6 pm in sample 5). The
line scan analysis across the interface along the yellow line
in Fig. 5h is provided in Fig. 5i. A high chemical gradient
equal to 100 units/um is observed inside the IMC layer.

Another distinguishing factor between SS/Al and CS/
Al joints is the pattern of streaks in the joint area. Higher
magnification images from the streaks observed in SS/Al
(sample 5) and CS/Al (sample 6) are provided in Fig. 6a, b,
respectively. The streaks in SS/Al joint (Fig. 6a) seems more
like a composite structure, composed of 3 layers. The middle
layer which is darker is the un-transformed Al streak and the
outer layers which are grey are the transformed Al streaks.
It means that the diffusion process was not fast enough to
convert the middle layer into Fe—Al IMCs. In contrary, the
streak in CS/Al joint (Fig. 6b) is a single phase of IMC, indi-
cating that diffusion rate was high enough to convert entire
thickness of Al streak into the IMC compound.

As observed in the line scan analyses of Fig. 5, the con-
centration gradient across the IMC layer in CS/Al joint is
almost zero or very low. The most probable IMC in St/Al
joints is Fe,Als. The main reason that this phase is domi-
nant is its higher interdiffusion coefficient with respect
to the other IMC phases [37]. Naoi et al. [37] report that
the growth rate of IMCs is controlled by diffusion of con-
stitutions. As the interdiffusion coefficient in Fe,Als is
highest among all other possible Fe—Al IMC:s, it would be
the dominant phase. However, to accurately identify the
IMCs present in the interface, Selected Area Diffraction
Patterns (SADPs) were taken from different zones of the

Fig.7 STEM image of the interface of sample 6. Three different
zones are selected to be charachterized by TEM and SADP

interface. Figure 7 shows the Scanning Transmission Elec-
tron Microscopy (STEM) image taken from the interface
of sample 6. The zones where SADPs were taken from are
identified in this figure.

Figure 8a, b show the TEM image and the correspond-
ing SADP taken from the zone 1. This zone corresponds
to CS analyzed by the incident beam of TEM parallel to
[0 O 1] zone axis. Figure 8c, d show the TEM image and
the corresponding SADP taken from the zone 2. This zone
corresponds to Fe,Als analyzed by the incident beam of
TEM parallel to [— 1 0 2] zone axis. Figure 8e, f show
the HRTEM image and the corresponding Fast Fourier
Transformation (FFT) taken from the zone 3. This zone
corresponds to Fe,Al,; analyzed by the incident beam of
TEM parallel to [1 0 0] zone axis. These analyses confirm
that the IMC layer consists of two layers. The sequence
of the present phases at the joint interface is Al/Fe Al 5/
Fe,Als/St.

It was observed that the IMC layers in CS/Al joints were
thicker than those ones in SS/Al joints. In addition, as men-
tioned before, the streaks in CS/Al joints were completely
converted into IMCs, while in SS/Al joints they were par-
tially converted into IMCs. This is a critical point in FSW
of steel to aluminum as the thickness and morphology of the
IMCs determine the bond strength [12, 22]. This difference
is attributed to the kinetics of IMC growth. In other words,
the kinetics of IMC growth are different for CS/Al and SS/
Al couples. In order to know the reason of this difference, an
attempt was made in the following to calculate the interdif-
fusion coefficient in both CS/Al and SS/ALl joints.

The interdiffusion coefficient D(X,,) is composition
dependent and the index of X, means that it is calculated
at a specific composition of Fe. The interdiffusion coef-
ficient is obtained from the equation below [38, 39]:

Xre o
D(Xp,) = S — Y./ (Xp = XpMdx+ (1 =Y). [ (Xp™ = X, )dx (D
2,t,aXFe o Fe y Fe
- Fe
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Fig.8 a TEM image taken from the zone 1 and b the correspond-
ing SADP showing the [0 O 1] zone axis of CS. ¢ TEM image taken
from the zone 2 and d the corresponding SADP showing the [— 1 0 2]
zone axis of Fe,Als. e HRTEM image taken from the zone 3 and f the
corresponding FFT showing [1 0 0] zone axis of Fe,Al,;. The zones
were identified in Fig. 7
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where
Xp = Xp, )
X;{leax _ XZ};” ( )
and ¢ and x are time and distance, respectively.

The procedures for calculating the interdiffusion coeffi-
cient performed on samples 5 and 6 are illustrated in Fig. 9a,
b, respectively. These figures show the concentration of alu-
minum and iron across the streaks. The interdiffusion coeffi-
cients at the interface of steel and IMC layer were computed
for both CS and SS and determined to be 14 x 107'*m?s~!
and 1.2 x 107¥m?s7!, respectively. The interdiffusion
coefficients obtained in this study are in the range of the ones
reported by Wei et al. [40]. The interdiffusion coefficient in
the case of SS/Al is ten orders of magnitude lower than that
in CS/Al. This explains why the thickness of IMC in SS/Al
joints are lower than CS/Al.

A flat gradient of chemical composition inside the IMC
layer in the case of CS/Al joint in Fig. 9b, is another indic-
ative of a high interdiffusion rate. In the case of SS/Al a
steep gradient is observed inside the IMC layer, which is an
indicative of a lower diffusion rate.

Figure 10 shows the quasi-binary phase diagram of Fe-71
at% Al-Ni which corresponds to the composition of the IMC
layer observed in SS/Al joint. The corresponding condition
in terms of temperature and composition during FSW is
highlighted in this figure. Accordingly, in the conditions
present during FSW various Ni-containing phases are sta-
ble along with Al-Fe IMCs, such as Al;Ni,, Al,,Fe;Ni, and
solid solution of BCC_B2. Since only Al-Fe IMCs were
detected in this study wherein Ni was present, it can be con-
cluded that Ni is present in a supersaturated solid solution
state. This causes a considerable decrease of interdiffusion
rate in Al-Fe IMCs, and hence the growth rate of IMCs is
hindered.

Figure 11 shows the variation of thickness of IMC layer
with respect to the rotation speed during welding. The

(b) 1

E3)
oo [ o xpax
XFe

0.8

X7 =09

| >

0.7 «~ 0Xpe /s
X

0.6
0.5

X, (at. %)

0.4

0.3 lxmin — 23 T

0.2

Xre .
01 [ Ot~ xEm)ax
—00

0

2 3 4 5 6 7

Distance (pin)

Fig.9 The procedure of calculating the interdiffusion coefficient in a SS—Al (sample 5) and b CS—Al (sample 6)

@ Springer



Metals and Materials International (2022) 28:1948-1959

1955

1600
o X(Al)=0.71
Liquid
AlSFe2+Liquid
1400
AI2Fel+AlSFe2
Al5Fe2+BCC_B2
1200
£ 1000
s Al10Fe3Ni+AISFe2+BCC_B2 FS\A[I condition
© d
i = 4
g Fel +AI5Fe2+BCC AI3Ni2+AISFe24BCC B2 )
£ i
5 800 ! |
= AIIOFe3Ni+AI3Ni2+AISFe2 + =il //
AI3Ni2+AI5Fe2
600
ADFel+AI3Ni2+AISFe2 All3Fed+AIRNi2+
400 Al5Fe2
200
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Mole percent Ni

Fig. 10 Quasi-binary phase diagram of Fe-71 at% Al-Ni calculated using Thermo-Calc [41]
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Fig. 11 Variation of the thickness of the IMC layer in CS/Al and SS/
Al welded joints with respect to the rotation speed of the tool

difference of the thicknesses of the IMCs in CS and SS joints
have been explained. The other difference between CS and
SS is the trend of the change of the thickness of the IMCs
with respect to the rotation speed. While the thickness of
the IMC layer in the CS/Al joint increased by increasing
the rotation speed, it began to decline at 1150 RPM in SS/
Al joint.

Another distinguishable characteristic in samples 5 and 7
was the observation of several dark branches inside the steel
at the interface of the joint. These branches can be observed
in Fig. 12a, b which correspond to samples 5 and 7 respec-
tively. Higher magnification images of the branches are
provided in Fig. 12c, d. The shape of these features assimi-
lates the intergranular cracks which are usually observed by
penetration of low melting liquids into the grain boundaries
[42]. EDS analyses taken from steel and the branches are
provided in Fig. 12e, f, respectively. Figure 12f shows that
these dark branches contain Al, Fe, Cr, and Ni. The pres-
ence of all these elements formed a low melting composi-
tion which melted during the FSW process and penetrated
the grain boundaries of the stainless steel. In fact, observa-
tion of these branches is a good evidence of liquation dur-
ing welding. The lower thickness of the IMC layer at the
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Fig. 12 SEM image taken from the interface of SS/Al from a sam-
ple 5 and b sample 7. ¢, d Higher magnification images showing the
branches in stainless steel in sample 5 and 7. EDS analyses taken
from e stainless steel and f the branches

interface of sample 7 can be explained by this liquation. At
higher rotation speed (1300 RPM) a higher local mixing of
both materials occurred in the stir zone. A higher number
of branches in sample 7 (Fig. 12b) with respect to sample
5 (Fig. 12a) verifies that a higher rotation speed has led to
a higher amount of liquid formation. These branches were
rarely seen in samples 1 and 3 in which the rotation speed
was lower. The presence of liquid at the interface of the tool
and material, where there is an intense mixing, caused a
lower coefficient of friction between the tool and material.
This reduced the extent of mixing of two materials. As the
IMCs nucleate around the rotating tool, at higher rotation
speed a lower number of IMCs nucleated, and the overall
thickness of the IMC layer was reduced. The liquid that was
formed around the rotating pin was finally deposited at the
interface. This melt penetrates along the grain boundaries
of SS, exhibiting some dark branches observed in Fig. 12.
Figure 13a shows the SEM image taken from the interface
of sample 7 (SS/Al welded at 1300 RPM) showing a thin
IMC due to the liquid formation during FSW. It can be seen
in Fig. 13a that some regions at the interface of steel and
aluminum are free from IMC layer. The branches in steel
which were formed due to the liquation during welding are
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Fig. 13 a SEM image taken from the interface of sample 7 (SS/Al
at 1300 RPM) showing a thin IMC layer due to the liquid formation
during FSW. Some regions are free from IMC layer. b SEM image
taken from the interface of sample 8 (CS/Al at 1300 RPM) showing a
thick IMC layer

observable. Figure 13b shows the SEM image taken from the
interface of sample 8 (CS/Al welded at 1300 RPM) showing
a thick IMC at the interface. As can be seen no branches are
seen in the matrix of carbon steel. The only elements present
in this sample were Al and Fe and therefore no low melting
compound were formed during mixing of materials.

Figure 14 shows the tensile strengths of CS/Al and SS/
Al joints welded at various rotation speeds. All the samples
failed from the heat affected zone (HAZ) of Al. A slight
variation in the tensile strengths of the joints is related to the
degree of softening in HAZ due to the heat effect of the FSW
process. Whereas all the samples failed from HAZ and not
from the weld interface, it was concluded that IMC layers
had no effect on the joint strength. The variation of strength
with respect to rotation speed is related to the softening in
the HAZ and needs to be analyzed in a separate study. The
difference of softening degree in various samples may be
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Fig. 14 Tensile strengths of CS/Al and SS/Al joints performed at var-
ious rotation speeds of the FSW process
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Fig. 15 a The load—displacement curve of the sample 6. b The tensile
specimen after failure. The fracture has occurred from aluminum and
a crack is observed in the root weld. ¢ SEM image of the root weld

attributed to different thermal histories during FSW of SS/
Al and CS/Al joint.

In order to analyze the fracture during the tensile test,
one of the specimens (sample 6) was studied in more detail.
Figure 15a shows the load—displacement curve and Fig. 15b
shows the tensile specimen of sample 6 after failure. The
specimen failed from Aluminum side and not from the inter-
face of the weld. However, a crack can be observed in the
root of the joint (Fig. 15b). The joint efficiency was 100%
even though a crack appeared in the root of the joint. To

indicating no IMC was formed in the root. d The position of the tool
relative to the work pieces. There is no contact between the pin and
the weld root

understand the reason of formation of this crack, the SEM
image of the joint line is provided in Fig. 15c. As it can
be seen, no IMC layer is observed in the root. This region
was placed under the bottom of the pin where there was
no contact between the tool and steel. This is because the
height of the pin was shorter than the thickness of the sheets
(Fig. 15d). The absence of an IMC layer in the root was
observed in all CS/Al and SS/Al joints. This implies that
a contact between the tool and Steel was a prerequisite for
the nucleation of the IMCs. Since there was no contact in
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the root, no IMC was formed and consequently no bonding
took place in this region. As a crack appeared in this region
during the tensile test, it can be concluded that the existence
of IMC layer is necessary to establish a joint.

One important result of the present study was that IMCs
can only nucleate around the pin in contact with the steel.
This is because a localized excess heat was generated
between the rotating pin and the steel and this promoted the
local interdiffusion of aluminum and steel. Furthermore, the
severe stirring action around the pin enhanced the interdif-
fusion by providing short diffusion paths between aluminum
and steel [43].

An illustration of IMC formation and growth in FSW
of steel to aluminum is shown in Fig. 16. In section A—A
the fragments of steel are detached by the rotating pin and
thereby the IMCs nucleate around the pin in the local regions
where there is severe mixing of both aluminum and steel.
It was observed that in sample 7 the thickness of IMC layer
was low. In this sample, lesser number of IMCs nucleated
due to the liquation around the pin. This liquation caused a
lower coefficient of friction between the tool and material
and thereby the extent of severe mixing between two materi-
als decreased. Evidence of this liquation was presented in
Fig. 12. In section B-B of Fig. 16 the nucleated IMCs and
dispersoids of steel fragments are deposited in the interface
of the joint and behind the pin. In section C—C the deposited
IMCs begin to grow continuously as long as they are under
the influence of the heat of the shoulder. This mechanism
is mostly similar to the one proposed by Tanaka et al. [44],
with this difference that they stated that the growth of IMCs
starts around the rotating pin region. Though the growth
of IMC may occur around the rotating pin, severe stirring

Fig. 16 An illustration of the
Al-Fe IMCs formation and

growth during FSW of steel to =

aluminum. The particles of Fe ) 2%

are rubbed and rotated around «/Welding]

the pin (section A—A) and then /7 direction

they are deposited in the wak 7 -
ey are deposited in the wake [/¥e feagmen

of the pin (section B-B). During
rotation (section A—A) Al-Fe A<------l _____________
IMCs nucleate and after stop- |

ping in the wake of the pin (sec- \
tion B-B) they begin to grow \
by the influence of the heat of
the shoulder (section C-C). -
No IMC is formed under the N,

shoulder at the root of the joint Shoulder b \d -~
due to absence of any contact of OHOEF DO R
the pin with steel IMC layer
CS
Top view

@ Springer

action of the tool disturbs them to fine particles. The con-
tinuous growth of IMC begins at the wake of the pin where
there is a high temperature under the influence of the rotat-
ing shoulder. The big fragments of steel around the rotating
tool stop before reaching at the extremity of the rotating pin.
These are observable in SEM images in the Al matrix. The
observation of detached fragments of steel in the matrix of
aluminum is a common observation in FSW of aluminum
to steel [45].

4 Conclusions

Two kinds of steels, CS and SS, were friction stir welded to
pure aluminum. The kinetics of IMC formation was investi-
gated and the following results were obtained:

1. The overall kinetic of IMC formation in SS/Al joints is
lower than CS/Al joints.

2. The IMCs evolution occurs in two separate stages. The
nucleation stage takes place around the stirring pin
which is in contact with the steel. The growth stage
occurs in the interface at the wake of the pin.

3. The thickness of IMC increases with increasing the rota-
tion speed in CS/Al joints while it increases and then
decreases in SS/ALl joints.

4. At high rotation speed of the FSW tool, the nucleation
rate of IMCs in SS/Al joints is lower than CS/Al joints.
This is attributed to a liquation which occurs in SS/Al
joints due to a low-melting multielement compound of
Al-Fe-Ni—Cer.

Section A-A

Section B-B

IMC layer

Section C-C
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The interdiffusion coefficient in CS/Al joint is higher
than the one in SS/Al joint. This is due to the presence
of Ni and Cr in SS which diffuse into IMC layer and
reduce the diffusion rate. This causes a lower growth
rate of IMCs in SS/ALl joints.

The root of the joints is free from IMC at the interface
which is due to the lack of stirring action and absence
of a direct contact between the tool and the steel. These
regions are delaminated during the initial stages of the
tensile testing.

Finally, two factors are responsible for a thinner IMC
layer in SS/AI joints. A liquation during FSW and a
lower interdiffusion coefficient in SS/Al joint which
lead to a lower nucleation rate and a lower growth rate,
respectively.
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