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ABSTRACT. An experimental study was
conducted to determine if the maximum
temperature in the workpiece can reach
the lower bound of the melting tempera-
ture range and trigger liquation during
friction stir welding (FSW) of aluminum
alloys as some computer simulation has
suggested. Alloy 2219, which is essentially
a binary Al-Cu alloy, was selected as the
material for study because of its clear
lower bound of the melting temperature
range, that is, the eutectic temperature
548°C. In addition to FSW, gas metal arc
welding (GMAW) of Alloy 2219 was also
conducted to provide a benchmark for
checking liquation in FSW of Alloy 2219.
The microstructure of the resultant welds
was examined by both optical and scan-
ning electron microscopy. It was found
that in GMAW of Alloy 2219, q (Al2Cu)
particles acted as in-situ microsensors,
clearly indicating the onset of liquation by
reacting with the surrounding aluminum
matrix and forming distinct composite-
like eutectic particles upon reaching the
eutectic temperature. In FSW, on the
other hand, no evidence of q-induced li-
quation was found as the welds contained
q particles alone and no eutectic particles,
suggesting that the eutectic temperature
was not reached during FSW. However, in
most friction stir welds large q particles
were observed, some exceeding 100 µm
and even 1 mm in length as compared to
the normal q particles of only about 10–15
µm in length in both the base metal and
the weld, that is, the stir zone or nugget.
The large q particles appeared to have
formed during FSW from agglomeration
of fractured q particles and the smaller
ones of the q particles in the workpiece.
No apparent correlation between the ex-
tent of agglomeration and the welding
condition was found.

Introduction

In friction stir welding (FSW), a rotat-
ing cylindrical tool with a pin or probe at
the bottom is plunged into a rigidly held
workpiece and traversed along the joint to
be welded. Welding is achieved by plastic
flow of frictionally heated material from
ahead of the pin to behind it. Computer
simulation of FSW has suggested that the
maximum temperature in the workpiece,
which exists at the pin/workpiece inter-
face, can reach the lower bound of the
melting temperature range of the work-
piece during FSW of aluminum alloys, in-
cluding Alloys 6061, 7030, and 7075 (Refs.
1–4). Reaching the lower bound of the
melting temperature range means the
onset of liquation. Liquation can occur
along grain boundaries as well as within
grains. Grain boundary liquation can dras-
tically reduce the strength of the work-
piece material and, hence, affect its plas-
tic deformation during FSW. High
plasticity of the material in FSW has been
attributed to the very fine grains produced
by dynamic recrystallization caused by the
intense plastic deformation associated
with the movement of material around the
pin and friction heating (Refs. 5, 6). How-
ever, liquation, if it occurs, can have a sig-
nificant effect on plastic deformation, too.
Therefore, it is essential to know if liqua-
tion can actually occur during FSW.

For Alloy 7075, the melting tempera-
ture range is 477°–635°C (Ref. 7). In the

FSW of Alloy 7075, a maximum tempera-
ture of 476°C has been measured (Ref. 8),
which is very close to the lower bound of
the melting temperature range. Liquation
has been observed in dissimilar FSW 
between aluminum and magnesium alloys,
induced by the eutectic reaction 
Al12Mg17 + Mg Æ liquid at 460°C 
(Ref. 9).

Wert (Ref. 10) friction stir welded
monolithic aluminum Alloy 2024 to an
aluminum matrix composite 2014/
20%Al2O3 and observed grain boundary
liquation and liquation cracking on the
2024 side of the weld. It was pointed out
that, while selecting welding conditions
that limit the maximum temperature at-
tained during welding can avoid liquation
and cracking, this can also result in insuf-
ficient plasticization and, thus, failure to
produce a mechanically sound weld.

For most aluminum alloys, the lower
bound of the melting temperature range is
the eutectic temperature (Ref. 11). Upon
reaching the eutectic temperature, an in-
termetallic compound can react with the
aluminum matrix to form the eutectic liq-
uid by the eutectic reaction between the
two. Many commercial aluminum alloys
are multicomponent with many inter-
metallic compounds in the aluminum ma-
trix. Consequently, there are often several
possible eutectic reactions that can occur
at several different temperature levels and
produce several different kinds of eutectic
particles (Ref. 11). This can make liqua-
tion rather difficult to study. The use of a
binary alloy with a clear eutectic reaction
at a clear eutectic temperature is, thus,
ideal for studying liquation in FSW. 

The present study was carried out in
search of evidence of liquation in FSW of
aluminum alloys using Alloy 2219, which
approximates a simple binary Al-Cu alloy,
as the material for study. Alloy 2219 is an
aerospace aluminum alloy and has been
friction stir welded successfully (Refs. 12-
20). The authors are unaware of attempts
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to use Alloy 2219 for investigating either
liquation induced by intermetallic com-
pound particles or agglomeration of such
particles in FSW of aluminum alloys.

Experimental Procedure

In order to check whether liquation oc-
curs in FSW of Alloy 2219, gas metal arc
welding (GMAW) was conducted first to
provide information on liquation in Alloy
2219. This information was used as a
benchmark for checking liquation in fric-
tion stir welds.

The workpiece was Alloy 2219-T851.
“T8” stands for solution heat treating and
cold working, followed by artificial aging,
and Tx51 stands for stress relieving by
stretching (Ref. 7). The actual composition
of the alloy is listed in Table 1. The work-
piece was 20 cm (8 in.) long, 10 cm (4 in.)
wide, and 7.9 mm (5⁄16 in.) thick for both
GMAW and FSW. The workpiece was
welded in the T851 condition. In GMAW,
the filler metal was Alloy 2319, 1.2 mm (3⁄64

in.) in diameter. The actual composition of
the filler metal is also included in Table 1.

Bead-on-plate GMAW was carried out
perpendicular to the rolling direction of

the workpiece. The welding parameters
were 6.8 mm/s (16 in./min) travel speed, 28
V arc voltage, 235 A average current, and
Ar shielding. The wire feed rate was 16.1
cm/s (380 in./min). The contact tube-to-
workpiece distance was about 12.7 mm
(0.5 in.), and the torch was held perpen-
dicular to the workpiece.

Bead-on-plate FSW, as shown in Fig. 1,
was carried out on a Lagun FTV-1 milling
machine (1.5 kW or 2 hp). The welding di-
rection was perpendicular to the rolling
direction of the workpiece. The tool, pre-
pared from H13 steel, had a shoulder of 15
mm (0.59 in.) diameter and a threaded pin
of 6.0 mm (0.24 in.) diameter and 5.4 mm
(0.21 in.) length beyond the shoulder. The
tool was tilted forward 2 deg. The welding
speed, determined from the actual travel
distance and travel time, ranged from
about 0.26 to 1.4 mm/s (0.6 to 3.3 in./min),
and the rotation speed 490 to 960 rpm.
The direction of rotation was counter-
clockwise (CCW) when viewed from
above.

The resultant welds were cut, polished,
and etched with a solution of 0.5 vol-% HF
in water for microstructural examination
by optical microscopy and scanning elec-

tron microscopy (SEM) at 15 kV. The
composition of the intermetallic com-
pound particles in the alloy was deter-
mined by energy-dispersive spectroscopy
(EDS) to help identify the particles. Pho-
tos of the transverse and longitudinal cross
sections of the friction stir welds were
taken with a digital camera.

Results and Discussion

It should be clarified that in the present
study, the term liquation is not restricted
to constitutional liquation alone. Liqua-
tion in aluminum alloys can occur by sev-
eral mechanisms (Ref. 21). Constitutional
liquation refers to the formation of liquid
(L) in alloys with composition less than the
maximum solid solubility under nonequi-
librium conditions, that is, the intermetal-
lic compound AxBy is still present above
the eutectic temperature TE because the
heating rate is too high for it to dissolve
completely in the matrix by solid-state dif-
fusion. Consequently, the eutectic reac-
tion AxBy + a Æ  L occurs and causes li-
quation. However, in alloys with
composition greater than the maximum
solid solubility, such as Alloy 2219, reac-
tion AxBy + a Æ L can occur and cause li-
quation under both equilibrium and non-
equilibrium conditions, that is, regardless
of the heating rate. The aluminum-rich
side of the Al-Cu phase diagram (Ref. 22)
in Fig. 2 shows the approximate composi-
tion of the Alloy 2219 workpiece used in
the present study. Before welding, the
alloy consists of an aluminum-rich matrix
a  (Al) and numerous q (Al2Cu) particles
in it. The composition of the q (Al2Cu)

Table 1 — Chemical Compositions of the Workpiece and Filler Wire (in wt-%)

Si Cu Mn Mg Cr Zn Ti Fe Zr
Workpiece

2219 0.01 6.79 0.27 0.01 — 0.04 0.05 0.13 0.12
Filler Metal

2319 0.10 6.30 0.30 — — — 0.15 0.15 0.18

Fig. 1 — Friction stir welding of aluminum Alloy 2219. Fig. 2 — Aluminum-rich side of Al-Cu phase diagram (Ref. 22).
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particles is Al46.5Cu53.5 by weight percent.
The eutectic temperature TE is 548°C and
the eutectic composition is Al66.8Cu33.2 by
weight percent. Therefore, upon reaching
TE during welding, liquation is induced by
the eutectic reaction a + q Æ L. Upon
cooling, the eutectic liquid solidifies into a
composite-like eutectic solid of a and q.

Evidence of Liquation in Gas Metal Arc
Welds

Figure 3A shows the transverse macro-

graph of a GMA weld. The fusion bound-
ary is marked with a dark solid line for
clarity. The two broken lines indicate the
boundaries between the partially melted
zone (PMZ) and the unmelted base metal
(that is, the heat-affected zone). They
were determined by locating point by
point the transition from q to eutectic par-
ticles under the optical microscope and
connecting the points into lines. The loca-
tions of the two lines are accurate to within
about 30 mm. The two lines represent the
locations of the onset of liquation induced

by the eutectic reaction, that is, the loca-
tions where the peak temperature during
welding reached the eutectic temperature
TE. Within the area between the two lines,
the peak temperature was above TE and li-
quation occurred during welding. Outside
the area it was below TE and no liquation
occurred.

Figure 3B is a SEM image showing the
onset of liquation at a point along the left
boundary of the PMZ, at point B in Fig.
3A. The particles on the left are q parti-
cles, and they tend to be elongated in the

Fig. 3 — Transverse cross section of a gas metal arc weld. A —Macrograph; B
— SEM image at point B in A showing onset of liquation at eutectic tempera-
ture TE; C — SEM image at point C in A showing onset of liquation. BM is
base metal; PMZ is partially melted zone; and a  is aluminum matrix.

Fig. 4 — Transverse cross section of a friction stir weld. A — Macrograph; B
— SEM image outside weld at point B in A; C — SEM image inside weld at
point C in A showing no evidence of liquation in the weld. BM is base metal.
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rolling direction (left to right) (Ref. 23).
Similar particles were observed through-
out the base metal. The particles on the
right, on the other hand, are the a/q eu-
tectic, as evident from their composite-
like morphology (Ref. 23). The enlarged
SEM image of one eutectic particle shows
the a (darker) and q (lighter) phases more
clearly. The eutectic particles are on the
average more nearly round (less elon-
gated) than the q particles on the left. This
is because the prior q particles here re-
acted with the surrounding a (Al) to form
the eutectic liquid which then solidified as
the eutectic solid upon cooling. The pres-
ence of these eutectic particles is direct ev-
idence of the onset of liquation. The loca-
tion of TE is more or less in the middle of
the micrograph. Therefore, q particles
acted as in-situ microsensors indicating
the onset of liquation in Alloy 2219 by the
distinct composite-like eutectic particles
that they formed at TE.

Figure 3C is a similar SEM image
showing the onset of liquation at a point
along the right boundary of the PMZ, at
point C in Fig. 3A. This time the particles
on the right are the q particles, and the ab-
sence of any composite-like structure in
these particles is evident in the enlarged
SEM image of a q particle. The particles
on the left are eutectic, and they also ex-
hibit a composite-like structure as can be
seen in the enlarged SEM image of a eu-
tectic particle. This SEM image looks dif-
ferent in morphology from that in Fig. 3B
because different eutectic particles inter-

sect the polishing plane at different an-
gles. Again, the location of TE was more or
less in the middle of the micrograph.

No Evidence of Liquation in
Friction Stir Welds

Figure 4A shows the transverse macro-
graph of a friction stir weld made at the ro-
tation speed of 840 rpm and the travel
speed of 0.64 mm/s (1.50 in./min). The
weld, that is, the stir zone or nugget, did
not penetrate through the workpiece be-
cause the pin (5.4 mm or 0.21 in. beyond
the shoulder) was shorter than the work-
piece thickness (7.9 mm or 0.31 in.). Fig.
4B is a SEM image showing the mi-
crostructure in the base metal below the
weld, at point B in Fig. 4A. Here, q parti-
cles more or less line up in the rolling di-
rection (left to right) and are often elon-
gated in this direction. These particles are
identical in morphology to the q particles
in the base metal of the GMA weld shown
in Fig. 3.

The microstructure inside the friction
stir weld, at point C in Fig. 4A, is shown by
the SEM image in Fig. 4C. As the q parti-
cles in the base metal, these q particles in
the weld do not exhibit any composite-like
morphology similar to that of the eutectic
particles in the gas metal arc welds (Fig.
3). This can be seen clearly in the enlarged
SEM image of a q particle in the weld. The
composition of the particle is Al40.5Cu59.5
according to EDS, which is reasonably
close to the q composition of Al46.5Cu53.5

according to the Al-Cu phase diagram —
Fig. 2.

Therefore, q particles alone and no eu-
tectic particles are present in the friction
stir weld of Alloy 2219. The presence of q
particles and the absence of eutectic par-
ticles suggest that no liquation occurred
during FSW. In other words, the maximum
temperature during FSW was below the
eutectic temperature.

Figure 4C shows very small q particles
scattered all over the weld as well as q par-
ticles similar in size to those in the base
metal (Fig. 4B). These small q particles
look like fragments of the q particles that
fractured during welding. The normal-size
q particles do not line up in the rolling di-
rection as those in the base metal do obvi-
ously because of the stirring action during
welding. Some of these normal-size q par-
ticles appear somewhat more angular than
those in the base metal — Fig. 4B. Both
the very small q particles and the more an-
gular shape of some normal-size q parti-
cles suggest fragmentation of q particles
caused by stirring during welding.

Figure 5A shows the longitudinal
macrograph of the same friction stir weld
as in Fig. 4. The welding direction was
from right to left. The empty well is where
the pin was when it was removed from the
workpiece at the end of welding.

Figure 5B is an optical micrograph of
the weld, at point B in Fig. 5A. The light-
etching particles are q, similar in size and
distribution to the q particles in the trans-
verse cross section — Fig. 4C. No com-

Fig. 5 — Longitudinal cross section of the friction stir weld in Fig. 4. A — Macrograph; B — optical micrograph at point B in A showing no evidence of liqua-
tion in the weld. BM is base metal.
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posite-like eutectic particles are visible.
Again, the presence of q particles and the
absence of eutectic particles suggest that
no liquation occurred during FSW.

Agglomeration of q (Al2Cu) Particles in
Friction Stir Welds

Figure 6A is the same transverse
macrograph of the friction stir weld shown
in Fig. 4A. Figure 6B is an optical micro-
graph showing a large particle at point B
in Fig. 6A. Figure 6C shows the SEM
image of an even larger particle at point C
in Fig. 6A, identified as q by EDS. For size
comparison, the normal q particles in the
same weld are also shown in Fig. 6D. Nei-
ther of the two large particles exhibit any
composite-like eutectic structure like that
in the GMA weld (Fig. 3), suggesting that
they did not originate from liquation. Fur-
thermore, no particles anywhere close to
these two in size were observed anywhere
in the base metal. Therefore, these two
large particles are agglomerated q parti-
cles formed from normal q particles dur-
ing FSW.

Figure 7A is the same longitudinal
macrograph of the friction stir weld shown
in Fig. 5A. Large q particles were most
often seen around the pin at the end of

welding, e.g., at
points B, C, and D
in Fig. 7A, as
shown by the SEM
images in Figs. 7B,
C, and D, respec-
tively. Sometimes,
large q particles
were caught in be-
tween nibs formed
by the pin threads.
Large q particles
were also seen in
the weld behind
the pin, e.g., at
point E, as shown
by the SEM image
in Fig. 7E. More agglomerated particles
were observed between points D and E.
For size comparison, the normal q parti-
cles in the same weld are also shown in Fig.
7F. These large particles are q as identified
by EDS. Again, none of these particles ex-
hibit any composite-like eutectic struc-
ture. Therefore, these large particles are
agglomerated q particles formed from
normal q particles during FSW. Figure 8A
shows the longitudinal cross section of a
friction stir weld made under the same
welding condition (840 rpm and 0.65 mm/s
or 1.53 in./min) as the weld shown in Fig.

7. Figure 8B shows a long agglomerated q
particle, 1.27 mm long, under the pin at
the end of welding. Figure 8C shows the
normal q particles in the same weld for
comparison.

It is not clear if large agglomerated q
particles will have any adverse effect on
the mechanical properties of friction stir
welds. For instance, can they act as poten-
tial fatigue crack initiation sites? Further
studies are needed to answer the question.

North et al. (Ref. 24) and Zhai et al.
(Ref. 25) friction welded iron-based su-
peralloy MA 956 and metal-matrix com-

Fig. 6 — Transverse cross section of the friction stir weld in Fig. 4 showing
agglomerated q particles. A — Macrograph; B — optical micrograph at point
B in A; C — SEM image at point C in A; D — optical micrograph showing
normal q particles in same weld for comparison. BM is base metal. Note:
lower magnification in Figs. 6–8 than in Figs. 3–5.
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posite 6061/Al2O3 and observed both par-
ticle agglomeration and fracture. They
suggested that the flow of the plasticized
material promotes the retention of ag-
glomerated particles (Y2O3, Al2O3, and

Ti(CN)) and fractured particles (Al2O3),
consistent with their calculated material
flow patterns. The effect of material flow
on particle fragmentation, retention, and
agglomeration in friction welding may

shed some light on how agglomerated q
particles form in FSW of Alloy 2219 even
though friction welding is different from
friction stir welding.

The SEM image of the large particle in

Fig. 7 — Longitudinal cross section of the friction stir weld in
Fig. 4 showing agglomerated q particles. A — Macrograph; B —
SEM image at point B in A; C — SEM image at C; D — SEM
image at D; E — SEM image at E; F — SEM image showing
normal q particles in same weld for comparison. More agglom-
erated q particles at dots between points D and E. BM is base
metal. Note: lower magnification in Figs. 6–8 than in Figs. 3–5.

Fig. 8 — Longitudinal cross section of a friction stir weld similar to that in
Fig. 4 showing a long agglomerated q particle. A — Macrograph; B — op-
tical micrograph of the agglomerated particle at point B in A; C — optical
micrograph showing normal q particles in a similar weld for comparison.
BM is base metal. Note: lower magnification in Figs. 6–8 than in Figs.
3–5.

Kou Supplement 1/05corr  12/7/04  11:43 AM  Page 6



WELDING RESEARCH

-s7WELDING JOURNAL

Fig. 7B, which is located right in front of
the pin, shows small q particles being ag-
glomerated into a large one. These small
particles might have come from fractured
q particles as well as the smaller ones of
the q particles in the workpiece — Fig. 4B.
Many small q particles probably were re-
tained by the flow of the plasticized mate-
rial around the pin and moved along with
it instead of being left behind in the weld.
As these small q particles around the pin
increased in number and got crowded dur-
ing FSW, they agglomerated into large q
particles. The relatively low porosity in
most of the agglomerated q particles (Figs.
6–8) seems to suggest sintering and not
just small particles touching one another.
The flow probably promoted retention of
agglomerated particles as well. This is per-
haps why agglomerated particles, when
they were found, were often around the
pin when FSW was terminated. It is not
clear if some agglomerated q particles
might have fractured back by chance into
smaller particles before exiting the plasti-
cized flow region around the pin.

From the Al-Cu phase diagram shown
in Fig. 2, the melting point of q is only
about 590°C. This relatively low melting
point suggests that diffusion in q may be
significant at the maximum workpiece
temperature during FSW of Alloy 2219,
say, around 500°C, but below the eutectic
temperature 548°C. Furthermore, it has
been suggested in inertia friction welding
that diffusion can be significantly faster
under plastic deformation at high strain
rates (Ref. 26). Therefore, it is likely that
fast diffusion helped q particles sinter to-
gether into large particles.

Effect of Welding Condition on 
Agglomeration

Table 2 summarizes the agglomerated
q particles found in friction stir welds of
Alloy 2219 made under various welding
conditions. The particle size is rated arbi-
trarily as follows: around 100 mm and
above, around 50 mm, and around 25 mm.
The primary welding parameters are the
rotation and travel speeds of the tool.
Since the pitch of the threaded pin can af-
fect the flow pattern around the pin, it
might also be a factor to consider in fur-
ther studies on particle agglomeration.

No apparent correlations between the
welding condition and the extent of ag-
glomeration of q particles were found.
However, two things were noticed. First,
when agglomerated q particles were found,
they were often around the pin. Second, at
the two highest travel speeds, 1.27 mm/s (3.0
in./min) and 1.41 mm/s (3.32 in./min), no ag-
glomerated q particles were found.

There might be at least two reasons
that correlations between the welding
condition and the extent of agglomeration

of q particles were not found. First of all,
the population of agglomerated q parti-
cles is not great enough to be statistically
meaningful based on counting the parti-
cles on only one longitudinal cross section
and one transverse cross section. Second,
it is likely that the distribution of q parti-
cles in the workpiece may vary within one
workpiece and also from workpiece to
workpiece. More large agglomerated q
particles can be expected if a friction stir
weld runs through an area in the work-
piece where a larger concentration of q
particles exists.

Conclusions

The present study was conducted to de-
termine if, as some computer simulation has
suggested, the maximum temperature in
the workpiece during FSW of aluminum al-
loys can reach the lower bound of the melt-
ing temperature range of the workpiece and
cause liquation. The simple binary Alloy
2219 aluminum was selected because it has
a clear eutectic temperature (548°C) as the
lower bound of its melting temperature
range. Gas metal arc welding was con-
ducted as well as FSW in order to provide a
benchmark for checking if liquation occurs
in friction stir welds of Alloy 2219. The con-
clusions are as follows:

1. Gas metal arc welds of Alloy 2219
show that q (Al2Cu) particles act as in-situ
microsensors for detecting the onset of li-
quation by forming distinct composite-
like eutectic particles upon reaching the
eutectic temperature.

2. There is no evidence of liquation in
FSW of Alloy 2219 because the welds con-
tain q particles alone and no composite-
like eutectic particles.

3. Large q particles can form during
FSW of Alloy 2219, some exceeding 100
mm and even 1 mm in length, as compared
to 10–15 mm of q particles in the base
metal and normal q particles in the friction
stir weld. 

4. The large q particles are likely to
have formed during FSW from agglomer-
ation of fractured q particles and the
smaller ones of the q particles in the work-
piece.

5. Agglomerated q particles, when they
are found in friction stir welds, are often
around the pin at the end of welding. This
suggests possible retention of agglomer-
ated q particles by the flow of plasticized
material around the pin during welding.

6. No apparent correlations have been
found between the extent of agglomera-
tion of q particles in friction stir welds of
Alloy 2219 and the welding condition.
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