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Zrs55CuszgAl;oNis bulk metallic glass (BMG) 1.7 mm thick and Al-Zn—-Mg—Cu alloy plates were successfully joined by friction stir
welding (FSW), producing defect-free BMG—ALI joints. Some BMG particles were stirred into the aluminum side of the nugget zone;
however, crystallization did not occur during FSW. No reaction layer was detected around the BMG particles and at the interface of
two materials. The ultimate tensile strength (432 MPa) of the BMG-AL joint reached up to 74% of the base aluminum alloy.
© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Bulk metallic glasses (BMGs) exhibit high specific
strength, hardness and superior corrosion resistance
[1-3]. Although some BMGs can be fabricated directly
from the melt due to high glass-forming capability, lim-
itation on the size of the BMGs is a key issue for indus-
trial applications [4,5]. Successful joining of BMGs has
contributed to advancing the practical applications of
the BMGs. In 2001, Kawamura et al. [6] succeeded in
joining Pd4oNiz P>y BMG by friction welding. Later,
other welding methods, such as the electron beam weld-
ing, pulse-current or spark welding, and laser welding,
were also successfully used to join BMGs [7-9]. How-
ever, it was reported that most welded amorphous alloys
were embrittled by heat, leading to structural relaxation,
phase separation and crystallization [8]. Therefore, for
welding of BMGs, the heat input must be reduced to
the minimum. Furthermore, the cooling must be also
controlled within a critical cooling rate.

Joining BMGs to crystalline metallic materials is an
important method for broadening the applications of
the BMGs. Kawamura [10] and Kim et al. [11] investi-
gated the electron beam welding of Zr and Ti to
Zr-based BMGs, and defect-free joints were achieved
with bending strengths higher than that of the crystalline
metal. Kawamura [10] successfully welded commercial
5083 and 2017 aluminum alloys to Zr4; Ti;4Cu;,NijoBess
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BMG by friction welding; however, he failed to weld
7075 aluminum alloy to the BMG due to the differing
deformabilities of the 7075 alloy and the BMG in the
friction welding process. Few studies on the welding of
BMGs to commercial alloys have been reported to date.
Therefore, it is worthwhile to investigate welding
between BMGs and commercial light alloys by means
of other welding techniques.

Friction stir welding (FSW) is a novel solid-state
welding method, which has found particular applica-
tions in the aerospace and automotive industries. In
FSW, localized heating due to friction between the tool
and workpieces, and plastic deformation of material,
softens the material around the pin, and the combina-
tion of tool rotation and translation results in movement
of material from the front to the back of the pin, thereby
producing a welded joint in the solid state [12]. There-
fore, FSW is an ideal welding technique for joining
BMGs together and for joining BMGs to crystalline
metallic materials, with few limitations on the cooling
rate in the welding process.

Aluminum alloys are widely used in the aerospace,
automotive and marine industries. 7075 aluminum alloy,
a commercial high-strength aluminum alloy, is widely
used in structural applications [13]. In this paper, a bulk
amorphous ZrssCuzgAljoNis alloy and 7075 aluminum
alloy were subjected to FSW to investigate possibility
of joining the BMG to commercial high-strength alumi-
num alloys.
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Plates of ZrssCuzgAl;g)Nis BMG 1.7 mm thick and
7075-T651 aluminum alloy with a composition of
Al-5.6Zn-2.5Mg-1.6Cu-0.23Cr (wt.%) were friction stir
butt welded at a welding speed of 200 mm min~! and a
tool rotation rate of 600 rpm. The tool used had a shoul-
der 12 mm in diameter and a cylindrical pin 4 mm in
diameter and 1.5 mm in length. The BMG was put on
the advance side and the 7075 alloy on the retreating
side. The tool pin was offset into the aluminum side with
only 12.5% width of the pin in the BMG side during
welding.

The joint was cross-sectioned perpendicular to the
welding direction for optical microscopic (OM) exami-
nation and hardness measurement. The OM specimen
was mechanically polished and etched by a solution of
HF 0.5 ml, HNO; 15.5ml, H,O 84 ml, CrO; 3 g. The
Vickers hardness profile of the weld was measured on
the cross-section along the center line of the welded
plate. Tensile specimens with a gauge length of 15 mm
and width of 3 mm were machined perpendicular to
the welding direction with the nugget zone (NZ) being
in the center of the gauge. Thin foils for transmission
electron microscopy (TEM) were cut from the NZ and
thinned by ion milling. The foils were examined in a
Phillip TECNAI G2 20 microscope.

Figure 1a shows a typical cross-sectional macrograph
of the FSW BMG-7075 alloy joint. No defects were de-
tected in the joint, indicating that the sound joining was
achieved between the BMG and 7075 alloy by FSW.
There was a clear interface between the BMG (the white
zone on the advancing side) and the 7075 alloy (the gray
zone on the retreating side). However, some particles of
the BMG were detected in the 7075 alloy side near the
interface, indicating that part of the BMG was broken
into the particles and stirred into the aluminum matrix
in the NZ during FSW.

Figure 2 illustrates the X-ray diffraction patterns of
the BMG, the 7075 alloy and the joint. The as-received
BMG is an amorphous alloy, as shown by curve a. By
comparison, the 7075 alloy is characterized by the dif-
fraction peaks of the aluminum and the metastable
phase of ' (MgZn,) (marked by the solid circle in curve
¢), the main strengthening precipitate in 7075-T651 alu-
minum alloy [13]. For the FSW BMG-7075 alloy joint,
as shown by curve b, in addition to the peaks of both the
BMG and the 7075 alloy, no other peaks were detected,
indicating that no crystallization of the BMG or reac-
tion between the 7075 alloy and the BMG happened
during FSW.

Figure 1b shows the TEM image of the NZ in the alu-
minum side near the interface. The grains in the NZ
were equiaxial with a size of about 1-2 pm, which is
much smaller than that (about 100 pm) of the base
material. Intense deformation during FSW resulted in
the recrystallization in the NZ, thereby refining the
grains. This is similar to the previous reports [14].

Some small particles were detected in the NZ
(marked as A in Figure 1b). Energy diffraction spectrum
(EDS) analyses showed that this particle was a Zr-rich
phase containing 38% Zr, 23% Cu, 4% Ni, 28% Al and
7% Zn (wt.%). The insert in Figure 1b is a diffraction
pattern of particle A, which is a typical amorphous dif-
fraction pattern. This indicated that particle A was

scraped from the BMG and stirred into the NZ in the
welding process and still maintained the amorphous
structure. Furthermore, no reaction product was de-
tected on the interface between particle A and the
7075 alloy. This indicated that no obvious reaction oc-
curred between the BMG and 7075 alloy during FSW.
Previously, Ohkubo et al. reported that there was a
30 nm thick reaction layer in the interface of the fric-
tion-welded Pd4()Ni4()P2() and Pd4()CL13()Ni10P2() BMG
[15]. However, a 20 um thick reaction layer was ob-
served in the interface between Ti and a Zr-based
BMG in an electron beam welded Ti-BMG joint [11].
These results indicate that the interfacial reaction during
the welding depends on both the materials and the
process.

Numerous fine particles with a size of about 100 nm
were observed within the grains (Fig. 1b). For the
7075 alloy, the n phase partially remained in the NZ
after FSW. Furthermore, a few ALCr dispersoids ex-
isted in the 7075 alloy that did not dissolve during
FSW [16]. On the other hand, the break-up of the
BMG by the threaded pin might lead to the dissolution
of some elements of the BMG into the 7075 alloy, there-
by forming some different particles after FSW. There-
fore, the fine particles within the NZ were very
complex and more detailed microstructural investiga-
tion is needed.

Figure 3 illustrates the hardness profile of the joint on
the 7075 alloy side. The zero point denotes the interface
of the two materials and the distance from the zero indi-
cates the interval from the tested point to the interface.
The hardness profile for this FSW BMG-7075 alloy
joint is quite similar to that for the FSW 7075-T651 joint
[17]. The hardness of the FSW BMG-7075 alloy joint
was lower than that of the 7075-T651 base alloy
(~180 Hv). For 7000 series alloys, the high strength of
the alloys is due to the strengthening precipitates in
the matrix [14,16]. When the alloys are welded by
FSW, the precipitates in both the NZ and HAZ will
coarsen and/or dissolve, resulting in reduced hardness.
However, the significant grain refinement by recrystalli-
zation tends to increase the hardness of the NZ. In this
case, the HAZ has the lowest hardness and most of FSW
7000 alloy joints failed in the HAZ during the transverse
tensile test.

The ultimate tensile strength of the joint is 423 MPa
and reaches up to 74% of the 7075-T651 alloy. The joint
efficiency is close to that (75%) for the FSW 7075-T651
joint [17]. The joint failed in the NZ on the aluminum
side, ~1.6 mm from the BMG-7075 alloy interface
(not shown). This indicates that the bonding strength
of the interface between the BMG and 7075 alloy was
excellent. However, unlike the FSW 7075-T651 alloy
joint, the FSW BMG-7075 alloy joint in this study did
not fail in the HAZ, i.e. the lowest hardness regions,
as shown in Figure 3. This implies that the NZ on the
aluminum side was weaker than the HAZ for this
FSW BMG-7075 alloy joint during the tensile test.

SEM micrographs of the tensile fracture surface of
the joint are shown in Figure 4. In the macrograph, some
huge particles were observed on the fracture surface, as
shown by points A and B in Figure 4a. EDS analyses
indicated that point B contained 57% Zr, 15% Cu, 3%
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Figure 1. (a) Optical micrographs showing the cross-section across the interface of FSW BMG and 7075 alloy, and (b) a TEM image showing fine
grains and BMG particles in the 7075 side near the BMG-alloy interface (inserted micrograph shows diffraction pattern of zone A).

Intensity

20 30 40 50 60 70 80
20, Degree

Figure 2. X-ray diffraction pattern of (a) BMG, (b) cross-section of
joint, (c) 7075 alloy.
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Figure 3. Hardness profiles of FSW BMG-7075 alloy joint in the 7075
side.

Ni, 24% Al and 1%Mg (wt.%). Similarly, other particles
on the fracture surface were also determined to be Zr-
rich particles. A magnified view of region B marked in
Figure 4a is shown in Figure 4b, and for the purpose
of comparison, the same region on the other side of
the failed tensile specimen is shown in Figure 4c. From
Figure 4b and c it is clear that the BMG particles in
the NZ, which were stirred to the aluminum matrix dur-
ing FSW, were fractured in the tensile process. The other
regions of the fracture surface were characterized by
large dimples and tearing ridges which were similar to

the fracture surfaces observed in the FSW 7075 alloy
joint [16,17]. During the tensile test, the large hard and
brittle BMG particles in the NZ induced nonuniform
deformation of 7075 alloy, and these large particles were
firstly fractured at relatively low stress due to the load
transfer from the matrix. In this case, the tensile proper-
ties of the joint were somewhat deteriorated. Therefore,
although the softest region in the FSW BMG-7075 alloy
joint was the HAZ, the sample fractured in the NZ.
Mahoney et al. [16] measured the peak temperature
distribution during FSW of 7075-T651 alloy. They
found that the temperatures adjacent to the NZ were
420-470 °C. According to the previous reports, the
glass transition temperature (7) of ZrssCuspAl;oNis
is about 410°C and the crystallization temperature
(T.) is about 494 °C [3]. Furthermore, no crystalliza-
tion of the BMG was detected in the NZ, as shown
in Figure 2. Therefore, the temperature of the NZ dur-
ing FSW should be lower than the 7, and higher than
the 7,. Furthermore, some researchers reported that
BMGs displayed Newtonian viscosity, usually de-
scribed by the Vogel-Fulcher-Tammann formula in
the supercooled liquid region [18]. Although the effec-
tive viscosity decreased smoothly with increasing tem-
perature, the 7, of the BMGs was almost unaffected
by the extrusion process. On the other hand, Kobata
et al. [19] reported the friction stir processing of
Zrs55CuszpAl;oNis BMG, which was a process similar
to FSW of a single plate. Some nanoscale structure
bands, but no crystallization, were found in the NZ,
indicating that the serious deformation in the NZ
did not lead to the crystallization of the BMG. There-
fore, it can be concluded that in the FSW process,
both BMG and 7075 alloy were heated above the T,
temperature of the BMG; however, the heat input
generated by the friction and serious deformation were
not enough to crystallize the BMG. The wonderful
fluidity of the BMG in the supercooled liquid region
was beneficial to the mixing of the BMG with the
7075 alloy and finally the welding beam was formed
without defect and crystallization.
In summary, the following conclusions are reached:
(1) A defect-free FSW ZrssCuzgAljoNis BMG and
7075-T651 alloy joint was successfully achieved
by offsetting the pin to the aluminum side.
(2) The NZ consisted of fine recrystallized aluminum
grains with some BMG particles being stirred into
the aluminum matrix. No crystallization of the
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Figure 4. SEM image showing tensile fracture surfaces of FSW joint: (a) macrograph of fracture surface, (b) magnified view of zone B in (a), and (c)

the same region as in (b) from other side of a failed specimen.

BMG and reaction layer around the BMG parti-
cles and between BMG/aluminum interfaces were
detected.

(3) The strength of the FSW BMG-7075 alloy joint
reached up to 74% of the 7075-T651 alloy with
the joint failing in the NZ on the aluminum side,
indicating that while the interface between BMG
and 7075 alloy had an excellent bonding, the large
BMG particles in the NZ reduced the strength of
the joint somewhat.
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