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bstract

An improvement in the mechanical properties was accomplished due to the microstructural modification of an aluminum die casting alloy by
ulti-pass friction stir processing (MP-FSP), which is a solid-state microstructural modification technique using a frictional heat and stirring action.
he hardness of the MP-FSP sample is about 20 Hv higher than that of the base metal. The tensile strengths of the MP-FSPed specimens were

ignificantly increased to about 1.7 times versus that of the base metal. This is due not only to the disappearance of the cold flake in the base metal,
ut also to a structural refinement, such as uniform distribution of Si particles. Thus, the application of the MP-FSP is a very effective method for
he mechanical improvement of aluminum die casting alloys.

2006 Elsevier B.V. All rights reserved.

trengt

c
p

w
o
o
o
a
i

2

i
c

m

eywords: Friction stir processing; Mechanical properties; Hardness; Tensile s

. Introduction

Friction stir processing (FSP), which is a solid-state
icrostructural modification technique using a friction heat and

tirring action, has recently attracted attention for making alu-
inum alloys with an excellent specific strength, and its studies

ave been actively performed [1–12]. This process is the out-
rowth of the basic principle of friction stir welding (FSW)
13], and the mechanical properties of the FSPed material are
mproved due to the grain refinement of the microstructural mod-
fication [2,3,5,6,7,9].

Aluminum die casting alloys are made by the rapid injection
f molten metal into metal molds under high pressure. These
lloys have a dense and fine grain surface, and are easily made
y mass production. However, a casting defect and an abnormal
tructure, such as a cold flake, are easily formed in the base metal;
hese are caused by the destruction of the solidified layers in a

etal sleeve [14–17]. These defects significantly degrade the

echanical properties of the base metal.
From this point of view, the FSP should be effective for

he improvement of mechanical properties of the aluminum die
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asting alloys. However, the FSP of die casting alloys has not
reviously been reported.

In this study, the multi-pass FSP (MP-FSP) technique [18,19]
as performed using an ADC12 aluminum die casting alloy to
btain a wide-area improvement, and the mechanical properties
f the MP-FSP samples were evaluated. Particularly, the effects
f the cold flake, which is a distinctive defect of the die cast
lloys, and the structural refinement on the tensile strength were
ndividually investigated.

. Experimental procedures

Four-millimeter thick plates of ADC12 aluminum die cast-
ng alloys were used in this study. Table 1 lists the chemical
omposition of the base metal.

In order to estimate the effect of the MP-FSP on the structure
odification of the ADC12 alloy, the stir-in-plate FSP was per-

ormed using a load control type FSW machine. The FSW tool
as a columnar shape with a screw probe. The diameter of the
ool shoulder is 15 mm. The diameter of the tool probe is 5 mm

nd its length is 3.9 mm. SKD61 was used as the tool material.
he tilt angle is 3◦. Mild steel was used for the backing plate.
SP was continuously performed 14 times by moving in 4 mm

ncrements toward the advancing side.

mailto:nakata@jwri.osaka-u.ac.jp
dx.doi.org/10.1016/j.msea.2006.07.150
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Table 1
Chemical compositions of ADC12 base material

Alloy Chemical compositions (mass%)

Cu Si Mg Zn Fe Mn Ni Sn Pb Al

ADC12 2.35 11.82 0.17 0.56 0.81 0.18 0.04 0.02 0.06 Bal.
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Fig. 2 shows the bead appearance and X-ray radiography of
Fig. 1. Cutting direction and dimension of

As for the processing parameters, the tool plunge downforce
as 14.2 kN, the tool rotation speed was 1250 min−1 and the
late travel speed was 500 mm/min [20,21].

After the FSP, a metallurgical inspection was performed on
ross-sections of the sample. They were polished and etched
ith a 5% hydrofluoboric acid (HBF4) water solution for the
ptical microscopic (OM) observations. The Vickers hardness
f a transverse cross-section of the MP-FSP sample was mea-
ured using a hardness testing machine (Akashi, AAV-500) with
.98 N loads. The tensile test was performed for both the base
etal and the MP-FSPed specimens. The tensile test specimens

ere cut parallel and perpendicular to the MP-FSP direction.
he specimen dimensions are shown in Fig. 1.

The aluminum matrix structure in the stir zone (SZ) was
bserved by TEM. For the TEM, a thin disk specimen of 120 �m

ig. 2. Surface appearance and X-ray radiography of the MP-FSP sample.

t
o

nsile test specimens of MP-FSP samples.

nd 3 mm in diameter, was cut from the middle part of the SZ
nd was prepared by twin-jet electropolishing in a 30% nitric
cid/methanol solution. The TEM observation was carried out
sing a Hitachi H-800 transmission electron microscope oper-
ting at 200 KV.

. Results and discussion

.1. Quality of MP-FSP samples
he MP-FSP sample. It is clearly seen that a smooth surface was
btained and no inner defect, such as a cavity, was observed

Fig. 3. Hardness profile of cross-section in the MP-FSP sample.
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ig. 4. TEM image of the middle part in stir zone of ADC12 FSW joints.
14.2 kN, 1250 min−1, 500 mm/min).

nalysis for a wide area (57 mm (w) × 260 mm (l)) inside the
ample based on the X-ray radiography.

.2. Hardness of MP-FSP samples

Fig. 3 shows the hardness profile of a cross-section of the MP-
SP sample. In the macroscopic structure, the MP-FSPed part

s sound without any defects. The modification zone is widely

nd continuously observed. The hardness of the MP-FSP part is
uniform 110 Hv, which is about 20 Hv higher than that of the
ase metal. The hardness of the base metal is quite variable. It
s considered that the hardness increase in the MP-FSPed part is

t
t
A

Fig. 6. Fracture surface of tensile test specimens in the base metal and the MP-
ig. 5. Tensile test results of base metal and MP-FSP samples for different
irections.

ue to deleting the casting defect, a fine dispersion of Si particles
nd the grain refinement [9,21]. Santella et al. [9] reported the
icrostructural and mechanical properties of the FSP of two Al

astings, A356 and A319. For the microstructural features, the
tirring action reduced the porosity, fractured large second-phase
articles reducing both their average size and aspect ratios. Fujii
t al. [21] also discussed the effect of the welding parameters on
he size, the aspect ratio and the direction angle of the Si particles
or each FSW condition. During the FSW, the Si particles should
e easy to break down due to the plastic flow, and the finer Si
articles were uniformly formed in the SZ.
Moreover, the grain refinement significantly should con-
ribute to the hardness increase. Fig. 4 shows a TEM image of
he middle part in the SZ. The grain size of the Al matrix in the
DC12 base metal was roughly 7–20 �m, however, the grain

FSP sample; (a-1), (b-1) and (c-1) high magnification of (a), (b) and (c).
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ig. 7. Relationship between area fraction of cold flake at the fracture surface
nd tensile strength of ADC12 base metal and MP-FSP samples.

ize of the middle part in the SZ formed a very fine structure
f about 2–3 �m due to the dynamic recrystallization. Based on
elated past studies, the relationship between the hardness Hv
n the SZ and the grain size d have been examined using the

all–Petch equation [22].

v = H0 + kHd−1/2 (1)

k
b
(

ig. 9. Relationship between distribution of Si particles and tensile fracture surface in
f the stir zone at 14.2 kN, 1250 min−1, 500 mm/min.
ig. 8. Comparison of the tensile behaviors of the MP-FSP for the base metal
ithout and with cold flake.

here H0 and kH are appropriate constants. Because Hv is pro-
ortional to d−1/2, the finer the grain size is, the higher the
ardness value is. For example, the extrapolated values for the
oundary-free condition and slope of the Hall–Petch equation
or the 1050 pure aluminum alloy welds are H0 = 18.2 Hv and

H = 18.9 Hv mm−1/2 [22]. From Eq. (1), the SZ with a grain size
etween 2 and 3 �m has an average hardness of about 31 Hv
32–29 Hv), and the base metal with a grain size between 7

FSW joint: (a) base metal, (b) middle part of the stir zone and (c) bottom part
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nd 20 �m has an average hardness of about 24 Hv (25–22 Hv).
hus, this difference is not very significant.

.3. Tensile properties of MP-FSP samples

Fig. 5 shows the tensile properties of the ADC12 base metal
nd MP-FSPed specimens. The tensile strengths of the MP-
SPed specimens are much higher than that of the base metal.
he average tensile strength of 330 MPa in the parallel direc-

ion increased by about 1.7 times over that of the base metal
f 190 MPa, though the strength is significantly scattered in the
ase metal similar to the hardness profile. In any case, the elon-
ation of the MP-FSP samples is higher than the base metal; the
verage of 7.8% increases by about 3.5 times over that of the
ase metal of 2.2%. The factors increasing the tensile strength
or the MP-FSP samples can be as follows:

1) elimination of the casting defects (such as porosity and cold
flake);

2) uniform dispersion of the finer Si particles;
3) grain refinement of aluminum matrix.
Fig. 6 shows the appearance and SEM images for the typical
racture surface of the base metal and MP-FSP sample. A coarse
racture structure type is clearly observed in the base metal,
hich has cold flake as a partly brittle fracture. However, a fine

e
t
a
d

ig. 10. Tensile failure view of: (a) tensile test specimen of a perpendicular directio
agnified optical micrographs in (b).
ngineering A 437 (2006) 274–280

uctile fracture was obtained after the MP-FSP and the cold
ake was hardly seen. Based on this result, it is clear that the
old flake should significantly affect the tensile properties.

In order to analyze the effect of the cold flake, the relation-
hip between the area fraction of the cold flake and the tensile
trength of the ADC12 base metal and MP-FSPed specimens in
he parallel direction was investigated, as shown in Fig. 7. The
raction of the cold flake was determined for each fracture sur-
ace. The tensile strengths of the MP-FSPed specimens are much
igher than that of the base metal. It is noted that for the base
etal, the tensile strength can be classified by the area fraction

f the cold flake. It increases with the decreasing area fraction of
he cold flake. Considering the relationship between the tensile
trength of the base metal and the area fraction of the cold flake,
he following equation is obtained.

= −8.5F + 237 (2)

here σ is the tensile strength of the base metal (MPa), and F is
he area fraction of the cold flake (%). In the MP-FSPed spec-
mens, on the other hand, the cold flake completely disappears
nd the tensile strength is much higher than that of the base metal

ven when no cold flake exists (237 MPa). Thus, it is clear that
he tensile strength increases are due not only to the disappear-
nce of the cold flake, but also to the structural refinement in the
ie cast alloy.

n for MP-FSP, (b) cross-section showing fracture position and (c), (d), (e) are
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Fig. 11. Tensile failure view of: (a) tensile test specimen of a parall

Fig. 8 shows the stress–strain diagram of the base metal
nd MP-FSPed sample. Each stress–strain curve of the base
etal seems to be collinear, though the base metal with cold
ake fractures more easily than the one without the cold flake.
owever, for the MP-FSP sample, the 0.2% proof stress as
ell as the elongation increase, because the grain refinement
f the Al matrix and the fine dispersion of the Si particles
ccur.

Based on the tensile fracture, it is easily found that the effect
f the distribution of the Si particles was significant, as shown in
ig. 9. Typically, the base metal has long-bar shaped Si particles
nd large dimples. On the other hand, the SZ has a different
i particle distribution in the other regions, i.e., the number of
ner Si particles increases in the bottom part compared to the
iddle part [21]. Also, the dimples in the bottom are smaller

han those in the middle part. Thus, the distribution of the Si
articles was almost the same for the dimples in the base metal
nd FSW joint in each tensile fracture surface. Accordingly, it is
ostulated that the effect of the dispersion of the finer Si particles
s larger compared to the grain refinement on the increasing
ensile strength.

.4. Effect of welding direction

Comparing the tensile results of the two tensile test direc-
ions for the MP-FSP samples, the tensile strength was not
ignificantly scattered in the case of the parallel direction; the
verage strength of 330 MPa was higher than that of 314 MPa
n the perpendicular direction, as shown in Fig. 5. As shown in
igs. 10 and 11, the reason for the different strengths is theorized

o be due to the tensile failure structure. The failure position
as along the thermo-mechanically affected zone (TMAZ) in

he perpendicular direction, although in the case of the parallel
irection, the tensile failure occurred in the SZ. Near the frac-
ure position in the perpendicular direction, Fig. 10(d) clearly
hows plastic deformation structures and the finer Si particles

re significantly aligned in a particular direction. This degrades
he tensile strength of the TMAZ. Therefore, in the perpendicu-
ar direction, the TMAZ was a weak spot for tensile fracture, as
hown in Fig. 10.
ction for MP-FSP and (b) cross-section showing fracture position.

. Conclusions

The following conclusions were derived from the results of
his study.

1) The tensile strengths of the MP-FSPed specimens are much
higher than that of the base metal. The average tensile
strength in the parallel direction is 330 MPa, which is higher
than 314 MPa in the perpendicular direction. The elonga-
tions of the two MP-FSP directions were almost the same.

2) The tensile strength increases with the decreasing area frac-
tion of the cold flake in the base metal. The tensile strength
of the base metal without any cold flake is estimated to be
237 MPa.

3) The main factors increasing the tensile strength for the MP-
FSP samples are considered as (1) elimination of the cold
flakes and (2) uniform dispersion of the finer Si particles.
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