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A novel process of friction stir brazing (FSB) for fabricating Al/steel layered composite (by
multipass) and for joining Al to steel (by single pass) was proposed to avoid the wear of pin by
steel, in which a tool without pin was used. FSB of 1.8-mm-thick Al sheet to steel sheet was
conducted using a cylindrical tool with 20-mm diameter but without pin and using 0.1-mm-thick
zinc foil as filler metal. For the rotational speed of 1500 rpm, sound joints were reliably obtained
at the medium range of traverse speed of 75 to 235 mm/min, which fractured within Al parent
sheet during tensile shear test. Furthermore, for peel test on the sound joints, Al and steel parent
sheets tended to crack and deform, respectively. Metallographic examination showed that most
Zn was extruded and the resultant interfacial structure consisted of several Al-Fe intermetallic
compounds (IMCs) with a little Zn, less than 3 at. pct. The thickness of IMCs can be controlled
to be less than 10 lm by properly increasing traverse speed (e.g., 150 mm/min). The metal-
lurgical process of FSB was investigated by observing the microstructure of the longitudinal
section of a friction stir brazed joint obtained by the suddenly stopping technique.
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I. INTRODUCTION

IT is well known that the fusion welding process is
not applicable to dissimilar joining between aluminum
and steel because of the formation of brittle intermetallic
compounds (IMCs). Therefore, alternative joining pro-
cesses in which no melting of both parent metals takes
place (e.g., brazing, roll bonding, and explosive welding)
have been studied. Among them, furnace brazing[1,2] and
rotational friction welding[3] were widely studied. For
the preceding classical welding processes, joining time or
temperature must be controlled carefully to be at low
level to inhibit excessive thick IMCs formation.[2,3]

As a unique kind of energy source, laser beam
provides some attractive advantages, including high
power density, small heating area, rapid heating/cooling
rate, and low heat input, which are beneficial in
inhibiting the formation of IMCs. In recent years,
several laser-assisted joining processes have received
more attention; these include laser-assisted roll bond-
ing,[4] laser pressure welding,[5] laser-induced reactive
wetting without filler metal (only irradiating Al sheet to
melt it),[6] laser brazing (only irradiating filler metal wire
or steel sheet to melt filler metal by direct heating or heat
conduction through the hot steel sheet),[7–9] and laser
braze welding (irradiating both filler metal wire and Al
sheet to melt and mix them).[10,11] For laser-assisted

joining processes, shielding gas (argon)[6–11] or brazing
flux (e.g., fluor-base anticorrosive brazing flux[6–8,11]) is
necessary, although satisfactory strength can be ob-
tained by optimizing filler metal (e.g., using Zn filler
metal instead of the Al base one[9,10]) and process
parameters.[8]

On the other hand, friction stir lap welding (FSLW) of
Al sheet to steel sheet has also been attempted in recent
years, because a joint is produced in solid state and no
cover gas or flux is used.[12] In the case of joining Al to
galvanized steel, strong joining could be readily
achieved,[13–16] because the presence of Zn coating can
produce the formation of a soft zone[13] or Al-Zn
eutectic[14,15] at the bond interface, which contributes to
the intimate contact or effectualmutual diffusion between
the base metals. However, in most cases of joining Al to
non-galvanized steel, there are some problems as follows.
(1) The end of the pin will be damaged easily, because the
pin tip must penetrate into the steel by 0.1 mm from the
steel surface[13,17–19] to avoid the flat-bonded interface
and rapid failure along the initial faying interface.[18]

(2) IMCs also tend to form easily at the bond interface
because of direct intermixing between Al and steel with
intense plastic deformation.[13,17–21] (3) A few voids were
observed along the interface and their size increased with
increasing pin depth.[17,20]

Although the tool pin can be omitted to prevent wear
in FSLW, the mechanical mixing between the top and
bottom materials becomes difficult, resulting in very
poor joint strength. For joining Al to dissimilar metals
with relatively high hardness (such as steel, Ti, Cu, and
stainless steel), the authors proposed a novel process of
friction stir brazing (FSB) in which a tool without pin
and filler metal must be used to avoid the severe wear of
pin by hard parent metal and to induce metallurgical
reaction instead of mechanically severe mixing between
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joining interfaces, respectively. Figure 1 shows the
schematic diagram of the FSB technique.

As one of the friction stir processing[12,22,23] tech-
niques, FSB should be a potential brazing process for
fabricating layered composite without keyhole by mul-
tipass. Additionally, as a potential brazing process for
Al and dissimilar metals with higher yield strength, FSB
also offers several advantages over the traditional
brazing process: no flux, shielding gas, or vacuum
atmosphere; small expenditure of energy; and introduc-
tion of some mechanical actions (e.g., forging[24–26] and
torquing[27,28] actions) beneficial to eliminating oxide
film and void defects.

The aim of the present study was to confirm the
feasibility and repeatability of FSB of Al to steel by
tensile shear test and by peel test and to investigate the
final interfacial microstructure feature and some metal-
lurgical processes in distinct stages or in distinct regions.

II. EXPERIMENTAL PROCEDURES

Commercially available pure aluminum sheet and low
carbon steel sheet were used as base metals. Both of
them were 1.8-mm thick, 100-mm long, and 6-mm wide.
After polishing the surfaces to be joined by waterproof
abrasive paper (grain size 400), the Al sheet was placed
at the top and steel sheet at the bottom for lap joining. A
commercial zinc foil with 20-mm width and 0.1-mm
thickness was preplaced at the interface between the Al
sheet and steel sheet. Zinc foil was chosen as the filler
metal because of its low melting point of 693 K
(420 �C), low eutectic temperature of 653 K (380 �C)
with Al parent sheet, and good metallurgical compat-
ibility with Al parent sheet (there is no intermetallic
compound in Al-Zn binary system).

FSB was conducted on a conventional vertical milling
machine in this study. A cylindrical tool made of
medium carbon steel with a shoulder of 20-mm diam-
eter, but without pin, was used, and the tool was tilted at
3 deg to enhance the forging effect of shoulder.[26] The
plunge depth was manually controlled to be less than
0.5 mm. All samples were friction stir brazed at the same
rotational speed of 1500 rpm. Only the traverse speed
was varied as follows: 23.5, 75, 150, 235, 300, and
375 mm/min.

For each traverse speed, three joints produced at the
same parameters were prepared for tensile shear test to
demonstrate the feasibility and repeatability of the FSB

process. Especially, considering that the FSB is not only
a process for joining Al to dissimilar metal, but also a
potential process for fabricating layered composite
consisting of Al and dissimilar metal, three typical
sound friction stir brazed joints for tensile shear test
(produced at the traverse speed of 150 mm/min) were
also evaluated by peel test. After the peel test, the
fracture surface was analyzed using a scanning electron
microscope (SEM) and X-ray diffraction to understand
the fracture behavior during the peel test.
The metallographic examination was conducted on

the cross section of the general friction stir brazed joint
to investigate the relationship between tensile shear
strength and traverse speed. Moreover, to more system-
atically explain the metallurgical process of FSB that
took place in this system in distinct stages or distinct
regions, the microstructure of the longitudinal section of
a typical friction stir brazed joint obtained by the
suddenly stopping technique (namely, suddenly retract-
ing the tool and then stopping the forward motion of
worktable[29]) was examined.
In the metallographic examination and mechanical

property evaluation in this work, the terms advancing
side and retreating side were defined as follows. The side
of the weld where the local direction of the tool is the
same as the traversing direction is called the ‘‘advancing
side’’ (AS). The other side of the weld is called the
‘‘retreating side’’ (RS).[30]

III. RESULTS AND DISCUSSION

A. Tensile Shear Property of Friction Stir Brazed Joints

Figure 2 shows the appearance of as–friction stir
brazed Al/steel layered composite produced by multi-
pass FSB, demonstrating that the substrate of steel sheet
can be readily clad with the sheathing of Al sheet in air
and with low required energy (compared with vacuum
roll bonding) and without a limit on the thickness of
substrate sheet (compared with explosive welding).
Figure 3(a) shows the appearance of a typical friction
stir brazed joint produced at traverse speed of 150 mm/
min by single-pass FSB. As expected, the weld beam
surface was very smooth and no keyhole was observed
in it. Figures 3(b) and (c) show the appearance of
extruded Zn at the start and at the end of weld bead,
respectively. Especially, at the end of the joint, Zn foil
became greatly thick up to 0.5 mm from its initial
thickness of 0.1 mm, which means that Zn foil can be
preheated, melted, and extruded by the rotating and
tilted shoulder.
Figure 4 shows the influence of traverse speed on the

tensile shear failure load of the test sample with 25-mm
width (slightly larger than the shoulder diameter of
20 mm) obtained with the same rotational speed of
1500 rpm. When the traverse speed was too low (e.g.,
23.5 mm/min) or too high (e.g., 300 and 375 mm/min),
the joint fracture load scattered greatly. In contrast, all
joints obtained with medium traverse speeds of 75, 150,
and 235 mm/min showed high fracture load with small
scatter, and these joints fractured at RS within Al base

Al 

Welding direction

Zn 

Steel

Fig. 1—Schematic diagram of FSB technique.
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metal, but not along the initial faying interface, as
shown in Figure 5. The presence of the wide welding
parameter window for sound joint demonstrated the
feasibility and repeatability of the FSB process of Al to
steel.

B. Peel Test of the Typical Friction Stir Brazed Joints

In order to investigate the interfacial joining strength
of the friction stir brazed joints, three joints for peel test
were produced under the same conditions (traverse
speed of 150 mm/min and rotational speed of
1500 rpm), in which Zn foil was not preplaced over
the entire interface, but was only preplaced at the second
half interface, as shown in Figure 6(a). In this case, the
heating behavior of Zn foil should be similar to that in
the general FSB process, and the joints can be easily pre-
peeled manually from the initial end (without Zn foil) to
the central location (see the mark of ‘‘peel test start
region’’ in Figure 6(a)) before peel test using a tensile
test machine. The typical manually pre-peeled interface
of the region without Zn foil filler metal is shown in
Figure 6(b). For the peel test of the region with Zn filler,
the three manually pre-peeled joints were further pulled
by a tensile test machine at each separated end of the Al

Fig. 2—Appearance of friction stir brazed Al/steel layered composite produced by multipass FSB: (a) 2 passes and (b) 3 passes.

Fig. 3—Appearance of the (a) typical friction stir brazed joint and
extruded Zn (b) at the start and (c) at the end of the weld bead.
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Fig. 4—Effect of traverse speed on tensile shear failure load of the
friction stir brazed joints obtained with the same rotational speed of
1500 rpm.
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Fig. 5—Fracture location at RS within Al (but not along initial fay-
ing surface) after tensile shear test for a typical friction stir brazed
joint produced at 150 mm/min 9 1500 rpm.
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and steel sides (Figure 6(c)) to the ‘‘peel test stop
position 1, 2, and 3’’ (Figure 6(a)), respectively; at the
same time, the peel load was measured and recorded.

From Figure 6(b), it can be seen that at the region
without Zn foil filler, neither adhered material (Al or Fe)
nor interface deformation mark was observed on the
smooth fracture surface. Both the high yield strength of
steel and the high critical temperature required for
diffusion of Fe atoms should be responsible for the poor
interfacial bonding. The result also clearly demonstrated
that it was hard to vertically mix Al and steel base
metals only by forging and torquing actions of the tool
shoulder, implying that a suitable filler metal with a
eutectic temperature with Al below frictional heating
temperature during FSLW (generally ~773 K (500 �C))
is required instead of difficult mechanical mixing for
vertical bonding in the case of using a tool without pin.

Figure 7 shows the peel load-displacement curves of
the three peel test joints. It should be noted that no
significant and continuous decrease in peel loads was
observed with increasing displacement for each speci-
men. The result suggested that there should be no crack

in the bonded interfacial region. Furthermore, the peel
load increased slowly with increasing the displacement,
suggesting that the interfacial joining was so strong that
a little deformation and resultant work hardening of the
Al base metal would take place to a certain extent. In
the middle region of displacement from 20 to 50 mm,
the measured peel loads in curves 1 and 2 were 0.7 and
0.5 kN, roughly constant, respectively, which indicated
that a stable peel was in progress, and the corresponding
peel strengths were 35 and 25 N/mm, respectively.
Figure 8(a) presents the peeled appearance of the

joint, which was stopped at the ‘‘stop position 3’’ in
Figure 6(a). It is apparent that even the strong steel base
metal was straightened from the initial ‘‘L’’ shape after
peel test. Figures 8(b) and (c) present its fracture surface
at low and high magnification, respectively, showing
rough fracture surface with some macrocracks at the Al
base metal side (especially at the area close to the root to
be further peel tested) and some Al adhered at the steel
side.
Figures 9(a) and (b) show the SEM micrographs of

the fracture surface after peel test of the Al side and steel
side shown in Figure 8(c), respectively. First, the most
important information should be that a number of
macro- and microcracks were observed at the Al side
(arrows in Figure 9(a)), which means that the joint was
so strong that even the Al base metal can be deformed
and fractured during peel test. Second, the presence of
the adhered materials (Al) at the steel side also revealed
that the interfacial bonding between Al and steel was
strong. Therefore, a sound Al/steel joint with favorable
peel strength and fracture path during peel test can be
obtained by the FSB process.

C. General Microstructure of Friction Stir brazed Joints

To understand the effect of the traverse speed on the
failure load, the joint interfacial microstructures were
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Fig. 6—(a) Appearance of the joint for peel test, (b) the manually pre-peeled fracture surface of the part without Zn foil filler, (c) and the part
with Zn foil filler of the same specimen for further peel test using a tensile test machine.
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observed. Figure 10 shows the influences of traverse
speed on the interfacial microstructure (backscattered
electron (BSE) image) in the central region of the
joint. From the color change in a BSE image (e.g.,
Figures 10(a), (b), or (c)), the obtained interface layer
was generally composed of 2 or 3 distinct IMC layers
(Section D provides a detailed analysis). According to
Figure 10, the influences of traverse speed on the
thickness of IMCs in friction stir brazed joints can be
summarized in Figure 11(a). It can be seen that the
thickness of IMCs decreased with increasing traverse

speed. When the traverse speed was too slow (e.g.,
23.5 mm/min), the resultant IMCs were too thick, more
than 20 lm (sometimes a crack can be seen within
IMCs), due to excessive heat input. While for too fast
traverse speed (e.g., 300 and 375 mm/min), although the
formed IMC layer was very thin (3 to 5 lm), it was not
continuous and uniform along the joint interface due to
the lack of heat input, and so the intimate contact
between two base metals was not completely achieved.
For medium traverse speeds of 75, 150, and 235 mm/
min, the formed IMC layers were continuous, roughly
dense, and uniform because of proper heat input, and
had a suitable thickness about 19, 8, and 6 lm,
respectively, resulting in favorable repeatability in the
tensile shear test. Moreover, as shown in Figure 11(b),
the increase of the IMCs thickness with total heating
time (obtained by dividing the shoulder diameter by
welding speed) can be approximately described as the
parabolic relation

d ¼ 3:5 � t1=2

where d is the thickness of IMCs (microns) and t is the
total heating time (seconds).

D. Macrostructure and Microstructure-Distribution
Features of Joint Cross Section

The typical structure of the joint produced at traverse
speed of 150 mm/min is examined in detail in this
section. Figures 12(a) and (b) show the joint macro-
structure (BSE image) at RS and AS areas, respectively.
Since the atomic number of Al, Fe, and Zn is 13, 26, and
30, respectively, the black, gray, and white region should
be composed of Al, Fe, and Zn, respectively. It can be
seen that a large amount of Zn filler metal was extruded
and held at the region out of RS. The result shows that
FSB has the advantage of extruding excessive filler metal
with low melting point and low strength over conven-
tional furnace brazing.
Figure 12(c) shows the microstructure-distribution

features (BSE image) of the cross section of the same
Fig. 8—Appearance of (a) the joint after peel test and the fracture
surface subjected to peel test at (b) low and (c) high magnification.

Fig. 9—SEM micrographs of the fracture surface after peel test shown in Fig. 8(c) at (a) Al side and (b) steel side.
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joint. Based on the distribution of Zn filler metal, the
joint interface from the RS to central region can be
divided into three regions: (1) region I (extruded Zn
storage region), which was out of RS, holding extruded
Zn filler metal; (2) region II (transition region), which
was beneath the tool shoulder and at the boundary
region of the braze seam inside RS, and where the
thickness of residual molten Zn-Al alloy became grad-

ually thin toward the center of the weld; and (3) region
III (stable region), which has a roughly stable and
uniform microstructure with little Zn toward the center,
and has the greatest ratio to the interface to be joined
(about 16 mm in width). The transition and stable
regions were further examined in detail.
Figure 12(d) shows the BSE image of the ‘‘d’’ region

within region II shown in Figure 12(c). From

Fig. 10—Influence of traverse speed on microstructure and thickness of IMCs (BSE image): (a) 23.5 mm/min, (b) 75 mm/min, (c) 150 mm/min,
(d) 235 mm/min, (e) 300 mm/min, and (f) 375 mm/min.
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Fig. 11—Thickness of IMCs of friction stir brazed joints as a function of (a) traverse speed and (b) heating time (for the same rotational speed
of 1500 rpm).
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Figure 12(d) and the EDS point analysis result
(Table I), the following important information can be
obtained. (1) The Zn filler metal was completely melted,
and quite an amount of Al base metal dissolved into

molten Zn to form a Zn-Al alloy consisting of eutectic
structure (being light gray, where the measured Al
content at point 5 of 10.5 at. pct was close to the eutectic
composition of 11.3 at. pct Al) and a supersaturated Zn-
Al structure (being dark gray) containing a large
amount of Al above 40 at. pct (points 2, 3, and 6 in
Figure 12(d)) after relatively rapid solidification. (2) The
continuous oxide film on the Al surface was successfully
disrupted as dispersed particulate (below point 1 in
Figure 12(e)) or trapped within liquid Zn-Al alloy as
dispersed particulate (point 4 in the residual alloyed
braze in Figure 12(d)). Therefore, clean and dense
interfacial joining at the Al side was preferentially
achieved more than on the steel side. (3) In contrast to
the Al side interface, the oxide film on the steel surface
remained continuously within region II. However, a
little Fe was detected at point 6 (1.26 at. pct), showing
Fe can dissolve into liquid Al-Zn alloy. Moreover, it
should be noted that the surface of steel was covered by
liquid Zn-Al alloy, but not pure liquid Zn. The presence
of an amount of liquid Al should be beneficial to the
wetting of alloyed braze on steel by the reduction
reaction.
Figure 12(e) shows the microstructure (BSE) of

region III. From the EDS line scanning and point

 

1

2

5

3

4

6

7

8

(d) 

20µm 

(b)

500µm 

AS 

Boundary of tool 
Al 

Steel

Extruded filler 

RS 

Al 

Steel 

Extruded filler 

(a) 

Boundary of tool 

500µm

(c) 
d

General weld (to center) 500µm

e

 Fe 

2

4

Al 

5µm 

(e)

1

3
4.54µm 

1.41µm 
5 

Fig. 12—Structure (BSE image) of cross section of the typical joint obtained with a traverse speed of 150 mm/min.

Table I. EDS Analysis Results in Distinct Regions Shown
in Figs. 12(d) and (e)

Figure Position

Elements (At. Pct)
Primary Element

or PhaseAl Zn Fe O

12(d) 1 100.0 — — — Al
2 47.6 52.4 — — Zn and Al
3 43.4 56.6 — — Zn and Al
4 67.8 27.4 — 4.8 oxide
5 10.5 89.5 — — (Zn)
6 49.8 44.8 1.3 4.1 Al-Zn(Fe) alloy
7 33.4 15.9 31.0 19.7 oxide
8 — — 100.0 — Fe

12(e) 1 83.9 5.0 1.0 10.1 oxide
2 80.1 2.5 17.4 — Fe2Al9(Zn)
3 74.7 1.5 23.8 — FeAl3(Zn)
4 67.2 3.1 29.7 — Fe2Al5(Zn)
5 50.2 4.4 45.4 — FeAl(Zn)
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analysis results, it can be seen that there was little Zn in
the interfacial layer (the detected maximum Zn content
was less than 3 at. pct), while the interfacial layer

consisted primarily of Al and Fe elements. Moreover,
intimate contacts between the resultant interfacial layer
and base metals were achieved at both Al and steel sides,
although several black particles containing some oxygen
(primarily consisting of Al and O) were observed at the
Al side interface (which also demonstrated that the
continuous alumina film was disrupted into dispersed
particle with a size of about 2 to 3 lm). Furthermore,
the difference in brightness of the BSE image of the
residual interfacial layer showed it was composed of two
distinct layers, although the composition profile was
inhomogeneous at the boundary of the interfacial layer.
Based on the EDS point analysis results at different

layers and Al-Fe binary phase diagram, the IMC layer
at the Al side with a thickness of about 4.5 lm should be
primarily composed of FeAl3(Zn) (point 3 in Fig-
ure 12(e)) with a small amount of metastable phase
adjacent to Al such as Fe2Al9 (point 2 in Figure 12(e)).
The second layer at the steel side should be Fe2Al5(Zn)
with a thickness of 1.4 lm (point 4 in Figure 12(e)), in
which a little Fe-rich phase of AlFe (Zn) showing white
needle shape can be detected (point 5 in Figure 12(e)).
Figure 13 is a schematic diagram of the cross section

of the typical friction stir brazed joint, showing various
prominent microstructural features, namely, the extru-
sion of molten Zn, dissolution of Al, and the presence of
IMC interfacial layers.

E. Interface Evolution Behavior during FSB

To understand the interface evolution behavior dur-
ing FSB (such as the removal of oxide film, extrusion of
liquid metals, and IMC formation), a suddenly stopped
friction stir brazed joint was prepared by suddenly
retracting the tool and then stopping the forward
motion of the worktable. Figure 14 shows the appear-
ance and sampling location for the suddenly stopped
joint. Figure 15 shows its transitional portion in longi-
tudinal sections from the front of shoulder to the
location where stable microstructure consisting of con-
tinuous and dense IMC layers with a roughly constant

FeAl Fe2Al5

FeAl3 RS 
AS

The boundary of shoulder

I: Extruded Zn storage region 
II: Transition region (Zn-Al alloy) 
III: Stable region (IMC layers) 

Fig. 13—Schematic diagram of the cross section of an friction stir
brazed joint.

Fig. 14—Appearance and sampling location of the joint for suddenly
stopped experiment.

Fig. 15—Transitional portion in longitudinal sections (about 14 mm) of a suddenly stopped Friction stir brazed joint from the front of shoulder
to the location where stable interfacial microstructure was present.
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thickness (about 8.3 lm) was established. The transi-
tional portion in longitudinal direction was about
14 mm in length and was completely beneath the
shoulder of 20-mm diameter. Figures 16(a) through (j)
show the several typical areas in Figure 15 at higher
magnification. The transitional portion at the joint
interface can be divided into four regions according to
the interface evolution in distinct stages, as schemati-
cally shown in Figure 17.

Region I (extrusion of molten alloy, Figure 16(a)): In
front of the shoulder, an additional layer present (gray)
above the solid Zn (white) can be seen; and, according to
the EDS line scanning result and its gray color in the
BSE image, it should be extruded molten alloy mainly
consisting of Zn and Al. The result also shows the
presence of extrusion of excessive molten alloy and the
dissolution of Al into molten Zn.

Region II (undermining of oxide film on aluminum
and great dissolution of aluminum, Figures 16(b)
through (d)): The evolution behavior of the interface
at the Al side is shown in this region. In front of the
shoulder, undermining[31,32] of the aluminum oxide film
by molten Zn can be seen at several microzones, which
allows dispersed oxide film to flow away. For example,
at point 1 in Figure 16(b), the detected Al content was
about 15 at. pct (Table II), slightly higher than eutectic
composition. Moreover, as a result of undermining and
the resultant dissolution of Al, the initial interface
between Zn and Al completely disappeared and a liquid
alloy with a hypereutectic composition (the detected
maximum Al content reached about 60 at. pct; see
points 4 and 5 in Figure 16(d)) was formed. According
to the principle of transient liquid phase bonding, since
Zn is a melting point depressant for Al, the molten Zn
diffused into Al will result in a decrease in melting
temperature of the Al substrate containing Zn. There-
fore, the dissolution of Al into molten Zn (or widening
of liquid zone[33]) takes place in appearance. Therefore,
the removal of aluminum oxide film was preferentially
achieved by undermining and subsequent great dissolu-
tion of Al to molten Zn.

Region III (partial wetting of steel by Zn-Al liquid
alloy and slight dissolution of Fe and extruding molten
alloy, Figures 16(d) through (f)): The evolution behav-
ior of the interface at the steel side was shown in this
region. From the EDS analysis result at points 4 and 5,
it can be seen that the steel was covered by molten Zn-Al
alloy, but not pure Zn. Thus, steel could be wetted
partially with the aid of reactive Al in liquid state
(Figure 16(e)). However, the lower heating temperature
and short heating time will inhibit the reactive wetting.
On the other hand, from the EDS analysis result at
points 4 and 5, it can be seen that the slight dissolution
of Fe into molten Zn-Al alloy has occurred. The
feasibility of slight dissolution of Fe into molten Zn-Al
alloy can be supported by the presence of a Zn-Al-Fe
ternary eutectic reaction at 654 K (381 �C) and with a
composition close to the Zn-Al binary eutectic compo-
sition (i.e., Zn-11.3Al in at. pct) with a little Fe at the
Zn-rich corner in Al-Fe-Zn liquidus projection, which
implies that Fe can slightly dissolve into Zn-Al binary
eutectic. Moreover, the molten alloy consisting of Zn,

Al, and Fe was extruded, resulting in some voids
preferentially present at the steel surface, which are to
be eliminated by the forging action of the shoulder in the
next region.
Region IV (initial generation, mixing, and growth of

IMCs, Figures 16(f) through (j)): The formation behav-
ior of interfacial IMC layers was shown in this region.
With the forward motion of shoulder, in other words,
with the enhancing of heating, stirring, and forging, the
formation of IMCs can be analyzed in four distinctive
stages: (1) initial generation of several separate IMC
particles, (2) preferential connecting of IMCs along the
surfaces, (3) upward mixing of small IMC particles
assisted by enhanced stirring (while downward mixing
was restricted by the strong steel), and (4) rapid growth
and densification of IMC layers assisted by continuous
frictional heating and enhanced forging at the trailing
edge of shoulder. Finally, the formation of IMC layers
with little Zn indicated that the FSB should be a
diffusional process, rather than the in-situ solidification
process of alloyed melt. It should be noted that the
growth of IMCs occurs under the special conditions as
follows: without liquid phase across the joint interface
(Figures 16(e) through (j)), between the completely
cleaned Al surface and partially cleaned steel surface,
and with the aid of strong mechanical actions (torquing,
forging, and the resultant stirring).[24–28] The observation
of growth of IMCs also indicated that the diameter of
shoulder should be an important factor affecting the
thickness of interfacial IMCs, except rotational and
traverse speeds. Since the mechanical and metallurgical
phenomena and their coupling effect at the bond inter-
face during FSB are invisible and complex, further study
is needed to clearly characterize the interface evolution
behavior (including the oxide film removal behavior at
the steel side surface, dissolution behavior of Fe, upward
mixing, and the entire formation process of stable IMC
layers) and then to optimize the thickness of IMC layers.
For interface evolution behavior, the information

obtained from the longitudinal section of the suddenly
stopped friction stir brazed joint is quite consistent with
that obtained from the cross section of a general friction
stir brazed joint. According to these results, the metal-
lurgical process of FSB that took place in this system can
bemore systematically explained as follows: undermining
of the oxide film onAl substrate bymolten Zn, significant
dissolution of Al into molten Zn, slight dissolution of Fe
into Zn-Al liquid alloy, extrusion of Zn-Al liquid phase
with a little Fe, and the formation of IMC layers with
little Zn by interdiffusion between Al and steel.

IV. CONCLUSIONS

1. For the typical friction stir brazed joint produced at
traverse speed of 150 mm/min, the interfacial
microstructure was found to be primarily composed
of two distinct IMC layers (4.5-lm-thick FeAl3(Zn)
at the Al side and 1.4-lm-thick Fe2Al5(Zn) at the
steel side), but the total thickness of the IMC layers
was less than 10 lm. The Zn content in IMC layers
was less than 3 at. pct. Moreover, the extruded
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Fig. 16—Structure (BSE image) of longitudinal section of a suddenly stopped joint produced at 1500 rpm and 150 mm/min (the several typical
areas shown in Fig. 15).
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liquid Zn-Al alloy at RS consisted of a eutectic
structure and a supersaturated Zn-Al structure con-
taining a large amount of Al over 40 at. pct. There-
fore, great dissolution of Al into molten Zn was
demonstrated.

2. According to the microstructure examination on the
longitudinal sections of a suddenly stopped joint,
the FSB process can be characterized by melting of
Zn foil, undermining of the oxide film on Al sub-
strate by molten Zn, significant dissolution of Al
into molten Zn, slight dissolution of Fe into Zn-Al
liquid alloy, extrusion of Zn-Al liquid phase with a
little Fe, and formation of IMC layers with little Zn
by interdiffusion between Al and steel. The exces-
sive liquid phase was primarily extruded toward RS
and the front of shoulder.

3. Intimate contact at the joint interface was well
achieved by interdiffusion between base metals dur-
ing FSB rather than the in-situ solidification of mol-
ten Zn-Al-Fe ternary alloy, instead of the plastic
flow and vertical mixing for sound FSLW, to avoid
wear of pin. With the aid of Zn foil and mechanical
actions of shoulder, the oxide film on aluminum
was preferentially removed by undermining, subse-
quent great dissolution of Al to molten Zn, and
extrusion with liquid phase.

4. With increasing the traverse speed from 23.5 to
375 mm/min, the maximum thickness of IMCs de-
creased from 25 to 3 lm. When traverse speed was
in the medium range of 75 to 235 mm/min, the
interfacial IMCs had dense and continuous struc-
ture with proper thickness of 19 to 6 lm, and the
joints fractured within Al base metal but not along
the faying surface. The presence of the wide welding
parameter window for sound joining confirmed the
feasibility of FSB process.

5. During the peel test of typical sound joint produced
at traverse speed of 150 mm/min, the peel load did
not decrease with increasing the displacement, the
Al base metal tended to cracking, and the steel was
straightened from initial ‘‘L’’ shape after peel test.
The actual peel strength can reach about 25 to
35 N/mm. Therefore, FSB may be a potential pro-
cess for fabricating layered composite clad by Al.
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Fig. 17—Model of the formation of friction stir brazed joint.

Table II. EDS Analysis Results at the Locations Shown in
Fig. 16

Locations Zn Al Fe O

1 84.3 15.6 — —
2 96.9 3.1 — —
3 24.8 74.7 0.5 —
4 27.0 66.4 1.4 5.2
5 30.4 60.1 0.8 8.7
6 74.4 15.9 4.2 5.5
7 56.3 28.5 5.0 10.2
8 19.4 77.9 0.9 1.8
9 20.9 71.9 1.8 5.4
10 20.0 75.3 1.8 2.9
11 7.5 64.7 21.8 6.0
12 3.6 87.7 8.7 —
13 5.2 79.4 15.4 —
14 8.9 87.1 1.8 2.2
15 5.2 66.4 23.2 5.2
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