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The precipitation sequence in friction stir weld of 6063 aluminum during postweld aging, associated
with Vickers hardness profiles, has been examined by transmission electron microscopy. Friction stir
welding produces a softened region in the weld, which is characterized by dissolution and growth of
the precipitates. The precipitate-dissolved region contains a minimum hardness region in the as-
welded condition. In the precipitate-dissolved region, postweld aging markedly increases the density
of strengthening precipitates and leads to a large increase in hardness. On the other hand, aging forms
few new precipitates in the precipitate-coarsened region, which shows a slight increase in hardness.
The postweld aging at 443 K for 43.2 ks (12 hours) gives greater hardness in the overall weld than
in the as-received base material and shifts the minimum hardness from the as-welded minimum
hardness region to the precipitate-coarsened region. These hardness changes are consistent with the
subsequent precipitation behavior during postweld aging. The postweld solution heat treatment (SHT)
and aging achieve a high density of strengthening precipitates and bring a high hardness homogeneously
in the overall weld.

I. INTRODUCTION postweld aging may improve the properties effectively.
Mahoney et al. have shown an effect of postweld aging onMOST of commercial aluminum (Al) alloys are
tensile properties of friction stir welded 7075 Al.[10] Theystrengthened by precipitation or solution hardening. Fusion
have reported that postweld aging produces an increase inwelding of precipitation-hardenable Al alloys produces a
the volume fraction of fine strengthening precipitates, whichfusion zone consisting of an as-cast coarse microstructure
leads to the improvement of strength and the loss of ductility.with solute gradients near the dendrite boundaries.[1–6] Solute

The authors have reported the microstructural evolution,segregation to the dendrite boundaries during solidification
especially the precipitation sequence, of 6063 Al duringis unavoidable. In addition, strengthening precipitates are
friction stir welding in a previous article.[13] The friction stirdissolved during fusion welding. These microstructural
weld of 6063 Al is softened around the weld center. Thechanges often lead to a significant deterioration of strength
softening is characterized by dissolution and growth of thein the weld. Postweld aging to restore mechanical properties
precipitates. No fusion zone is detected in the overall weld.is not effective because of solute loss in the matrix introduced
Since the softened zone around the weld center is virtuallyby the solute segregation.[3–6] Therefore, solution heat treat-
solutionized by the thermal cycle of the welding, postweldment and aging are needed to effectively improve the weld
aging should improve the weld properties just as in friction-properties, but postweld solution heat treatment (SHT) is not
stir-welded 7075 Al. Aging responses and the precipitationpractical for many applications of Al alloy fusion welds.[5,6]

sequence in friction stir weld of 6xxx (Al-Mg-Si) seriesFriction stir welding is a new solid-state welding process
alloys have not been characterized well yet.invented at TWI (Cambridge, United Kingdom) in 1991.[7]

The purpose of the present study was to systematicallyIt has enabled us to butt weld Al alloys, which are often
investigate aging responses in a friction stir weld of 6063difficult to fusion weld, without voids, cracking, or distor-
Al. In the as-welded and postweld-aged 6063 Al, hardnesstion. Recently, this process for Al alloys has captured the
profiles were measured, and then precipitate size and distri-attention of the fabrication industry.[8]

bution were observed by transmission electron microscopyFriction stir welding does not produce as-cast coarse
(TEM). Aging responses at various locations in the weldmicrostructure and solute segregation in the welds because
were discussed with the size, volume fraction, and distribu-it is a solid-state process.[9–15] However, softening occurs in
tion of precipitates in the weld. In addition, the agingthe weld zone to some extent, since the density of strengthen-
responses of the weld after solution heat treatment wereing precipitates is remarkably low in fine recrystallized
also examined.grains around the weld center.[7–13] The density reduction

deteriorates the weld properties around the weld center, but

II. EXPERIMENTAL PROCEDURES

The nominal composition of 6063-T5 Al used in thisYUTAKA S. SATO, Research Associate, and HIROYUKI KOKAWA,
study is listed in Table I. 6063 Al was used to make theProfessor, are with the Department of Materials Processing, Graduate

School of Engineering, Tohoku University, Sendai 980-8579, Japan. precipitation phenomena simple, because it has lower quench
MASATOSHI ENOMOTO, Leader, SAD Project, SHIGETOSHI JOGAN, sensitivity than the other precipitation-hardenable Al
Welding Manager, R&D Department, and TAKENORI HASHIMOTO, alloys.[16,17,18] The T5 heat treatment that the as-receivedResearcher, Research Laboratory, are with Showa Aluminum Corporation,

base material had experienced is described as follows. TheTochigi 323-8678, Japan.
Manuscript submitted April 6, 1999. material was extruded to a plate 6 mm thick. During the

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 30A, DECEMBER 1999—3125



Table I. Chemical Composition of 6063 Aluminum
(Weight Percent)

Si Fe Cu Mn Mg Zn Ti Al

0.44 0.18 0.01 0.04 0.48 0.01 0.01 bal
(a)

extrusion, the material was solutionized at about 823 K (550
8C). The extruded plate was then aged artificially at 478 K
(205 8C) for 3.6 ks (1 hour). The aging for 3.6 ks (1 hour)
is not enough to achieve peak strength in the material, i.e.,
the aging was stopped before reaching the maximum hard-
ness for the optimum balance between strength and ductility.
The 6063-T5 Al plates were friction stir welded. Details of
welding parameters, such as tool design and tool rotation
speed, are proprietary to TWI’s group-sponsored project
members. Hardness in the as-received base material was
scattered between 65 and 75 Hv. Vickers hardness profiles
in the weld were measured on the cross section perpendicular
to the welding direction. Since volume fraction, size, and
distribution of strengthening precipitates directly affect hard-
ness profiles in the weld, TEM observations were carried
out at various locations in the weld. Thin-foil specimens for
TEM with 3-mm diameter disks, which were cut from vari- (b)
ous locations in the weld using an electrical discharge

Fig. 1—(a) Cross section perpendicular to the welding direction and (b)
machine, were prepared by jet electropolishing in nitric acid/ horizontal profiles of Vickers hardness in as-welded friction stir weld of
methanol solution at 223 K(250 8C). Much care was taken 6063 Al.[13]

for location to location correspondence among the observa-
tions and hardness measurements. The thin foils were
observed at 200 kV using JEOL* 2000EXII. The incident

* JEOL is trademark of Japan Electron Optics Ltd., Tokyo.

electron beam was controlled to a ^100& zone axis of the
matrix in all the bright-field images.

The friction stir weld was then artificially postweld aged
at 448 K (175 8C) for various times. In addition, SHT and
SHT with aging (SHTA) were applied to the weld. The
SHTA process consists of SHT at 803 K (530 8C) for 3.6
ks (1 hour) followed by quenching in water and subsequent
aging at 448 K (175 8C) for various time intervals. Changes
in hardness profile by postweld aging and SHTA were exam-
ined and were associated with the precipitate size and distri-
bution by transmission electron microscopy (TEM).

III. RESULTS AND DISCUSSIONS

A. As-Welded Microstructure

Figure 1(a) shows a cross section perpendicular to the
welding direction in the as-welded 6063 Al. Frictional heat-
ing and plastic flow during friction stir welding create a fine Fig. 2—TEM micrographs of the BM, LOW, MIN, and SOF(0) regions in
recrystallized grain structure around the weld center and a the as-welded weld.[13] The BM, LOW, MIN, and SOF(0) regions are

defined in Fig. 1(b).recovered grain structure in the thermomechanically affected
zone.[13] The recrystallized grain structure and the recovered
grain structure are indicated as “A” and “B” in Figure 1(a),
respectively. Figure 1(b) indicates horizontal hardness pro- mechanical properties are significantly related to the volume

fraction, size, and distribution of precipitates.[18–22]files in the as-welded weld. The weld has a softened region
around the weld center. The minimum hardness is located The TEM micrographs observed at the locations BM (the

same hardness region as the base material), LOW (the loweraround 10 mm away from the weld center. Almost no differ-
ence is observed in hardness profiles among top, center, and hardness region than the base material), MIN (the minimum

hardness region), and SOF(0) (the softening region) in Figurebottom lines, which are indicated by three arrows in Figure
1(a). Since 6063 Al is a precipitation-hardenable alloy, 1(b) are shown in Figure 2. The notations BM, LOW, MIN,
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Fig. 4—Relationship between aging time and hardness in various locationsFig. 3—Effect of postweld aging on horizontal hardness profiles in the weld.
of the weld.

and SOF(0) mean regions at distances of about 15, 12.5, 10,
and 0 mm away from the weld center, and these notations the LOW and BM regions than in the SOF(0) and MIN

regions. The SOF(0) region showed a remarkable increaseare used throughout this article. The BM region consists of
a high density of needle-shaped precipitates and a low den- in the early stage. The SOF(0) and BM regions had a peak

(maximum) hardness of about 80 Hv within 57.6 ks (16sity of b8 precipitates and has roughly the same microstruc-
ture as the as-received base material. The LOW region hours). The peak hardness was close to that in the SHTA

weld (as shown later in Figures 7 and 8) and was somewhatexperiences both a decrease in the density of needle-shaped
precipitates and an increase in the density of b8 precipitates. higher than the hardness of the as-received base material.

The hardness increase in the MIN region was not as highThis indicates that the LOW region is characterized by
growth of the needle-shaped precipitate into b8 precipitate, as in the SOF(0) region, but very steady, and the aging time

for peak hardness seemed to be more than 57.6 ks (16 hours)i.e., overaging. The MIN region contains only a low density
of b8 precipitates. The density of b8 precipitates in the MIN at 448 K (175 8C). The hardness increase in the LOW region

was the smallest and did not show any clear peak. The MINregion is similar to that in the BM region. The SOF(0) region
has none of the precipitates. The precipitation-free region region overtook the LOW region in hardness at an aging

time of approximately 40 ks during postweld aging. Conse-is spread over a distance of 8.5 mm from the weld center.[13]

The micrographs suggest that the MIN and SOF(0) regions quently, the hardness in the overall weld was higher than
the as-received base material after postweld aging for 43.2are characterized by dissolution of only the needle-shaped

precipitates and by dissolution of all precipitates, respec- ks (12 hours). It should be noted that the minimum hardness
was shifted from the initial MIN region to the LOW regiontively.[13] In the previous article,[13] the authors have exam-

ined the relationship between heating temperature and during the postweld aging. This can be explained using TEM
micrographs of the aged weld.precipitation distribution and have shown that the precipita-

tion-free region and the MIN, LOW, and BM regions are The TEM micrographs of the weld aged for 7.2 ks (2
hours) are indicated in Figure 5. The postweld aging forroughly heated up to higher than 675 K (402 8C), 626 K

(353 8C), 575 K (302 8C), and lower than 474 K (201 8C) 7.2 ks (2 hours) hardly changed the precipitate size and
distribution in the BM and LOW regions. On the other hand,during the welding, respectively. The high density of the

needle-shaped precipitates contributes to the high strength a high density of pin dotlike precipitates formed in the
SOF(0) region. The MIN region also contained the dotlikeof Al-Mg-Si alloys.[18–22] The density of needle-shaped pre-

cipitates in various regions can explain the horizontal hard- precipitates, besides the low density of b8 precipitates. The
pin dotlike precipitates are faintly visible. The SOF(0) regionness profiles in the weld. Details of the precipitation

sequence during friction stir welding have been shown in has the higher density of the pin dotlike precipitates than
the MIN region.the previous article.[13]

The TEM micrographs of the weld aged for 43.2 ks (12
hours) are shown in Figure 6. After the postweld aging for

B. Postweld Aging 43.2 ks (12 hours), the BM and LOW regions maintained
virtually the same precipitate size and distribution as thoseThe effect of postweld aging on the horizontal hardness

profile along the center line in the weld is presented in in the weld aged for 7.2 ks (2 hours). The SOF(0) region
consisted of a high density of fine needle-shaped precipitates.Figure 3. Almost no difference in hardness profiles was

observed among top, center, and bottom lines during the The MIN region also contained a high density of the needle-
shaped precipitates, besides a low density of b8 precipitate.postweld aging. Relationships between the aging time and

hardness at various locations in the weld are indicated in The density of the needle-shaped precipitates in the SOF(0)
region was higher than that in the MIN region.Figure 4. During the postweld aging, the hardness increase

at each location was sharp in the early stage, within 7.2 ks The relationship between hardness profiles and precipita-
tion sequence at the various regions in the postweld-aged(2 hours) and then gradual. The knick point came earlier in
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Fig. 5—TEM micrographs of the BM, LOW, MIN, and SOF(0) regions
defined in Fig. 1(b) after postweld aging for 7.2 ks (2 h).

Fig. 7—Schematic illustration of precipitation sequence at various locations
in the weld during postweld aging.

the needle-shaped precipitates.[23] These suggest that the pin
dotlike precipitates in the weld aged for 7.2 ks (2 hours) are
the GP zones. The formation of the GP zones probably
contributes to an increase in mechanical properties because
of the coherency with the matrix, so that hardness in the
SOF(0) and MIN regions increases largely at the early stage
of the postweld aging. With an increase in aging time, the
GP zone grows into needle-shaped precipitate, as shown in
the previous studies.[21,23,24] The needle-shaped precipitate
affects the mechanical properties more strongly than the GP
zone. After hardening by the GP zones, the growth intoFig. 6—TEM micrographs of the BM, LOW, MIN, and SOF(0) regions

defined in Fig. 1(b) after postweld aging for 43.2 ks (12 h). the needle-shaped precipitates contributes to the increase in
hardness in the SOF(0) and MIN regions.

The precipitates of Al-Mg-Si alloys are mainly formed
by magnesium and silicon.[22,24–28] Reprecipitation duringweld is shown schematically in Figure 7. Hardness in the

BM and LOW regions increased slightly during the postweld the postweld aging occurs easily in the matrix containing
plenty of magnesium and silicon. In the as-welded condition,aging, but TEM observations could not find any significant

microstructural change. On the other hand, hardness in the the aluminum matrix phase in the precipitation-free SOF(0)
region must contain more magnesium and silicon than theMIN and SOF(0) regions increased markedly during the

postweld aging, and the increase was due to formation of other regions. This may lead to a significant increase in
the density of strengthening precipitates and the greatestpin dotlike precipitates and fine needle-shaped precipitates.

A calorimetric study of precipitation in 6061 Al by Dutta increase in hardness in the SOF(0) region during the post-
weld aging. Strengthening precipitates are also easily formedet al. has shown precipitation of pin dots prior to needle-

shaped precipitate.[21] They have stated that the dots are fully in the MIN region, though the increase in the density of
strengthening precipitates is not as high as that in the SOF(0)coherent with the matrix, and that these correspond to the

spherical Guinier–Preston (GP)–I zone. Matsuda et al. have region. The MIN region contains more magnesium and sili-
con than the LOW and BM regions because of smallerreported that nuclei are observed before the formation of
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volume fractions of the precipitates in the as-welded condi-
tion. Therefore, the postweld aging increases the density of
strengthening precipitates in the MIN region. On the other
hand, the LOW region has a lower density of strengthening
precipitates than the BM region, but it contains a higher
density of large b8 precipitates in the as-welded condition.
The b8 precipitate consumes large quantities of the solutes,
so that the strengthening precipitates can hardly be formed
in the LOW region. This difference in the precipitation
sequence can be attributed to the shift of minimum hardness
from the initial MIN to the LOW region during the post-
weld aging.

After the postweld aging for 43.2 ks (12 hours), the
SOF(0) region had a higher hardness than the as-received
base material, as shown in Figures 3 and 4. This was due
to the difference in aging time and temperature. Generally,
artificial aging of precipitation-hardenable Al alloys has

Fig. 8—Effect of SHT and aging on horizontal hardness profiles in the weld.been optimized to produce the best possible size, volume
fraction, and distribution of the strengthening precipitates.
The aging time and temperature are sometimes determined
by the balance between strength and ductility. Since the
precipitation-hardenable Al alloys with peak strength are
lacking in ductility, artificial aging producing peak strength
is not always applied. The production aging for the base
material used in the present study was also stopped before
peak hardness. Actually, the base material had been solu-
tionized during the extrusion and then aged at 478 K (205
8C) for 3.6 ks (1 hours); i.e., the aging for production of the
base material had been carried out at a higher temperature
and for a shorter time than the postweld aging. The produc-
tion aging had introduced a low density of b8 precipitates
in the base material (in the as-welded BM region), because
the size of initial precipitates increases with increasing aging
temperature.[29] A small allowance for precipitation during
the postweld aging still remained in the as-welded BM
region. These are the reasons why the SOF(0) and BM
regions achieved a higher hardness than the as-received base
material during the postweld aging.

Fig. 9—Relationship between aging time and average hardness in the solu-
C. SHT and Aging tionized weld.

The marked hardness increase in the SOF(0) and MIN
regions during the postweld aging can be explained by repre-
cipitation of strengthening precipitates, while the TEM after SHT is shown in Figure 10. The other regions also

exhibited substantially the same microstructure as the baseobservations cannot give any clear microstructural reason
for the small hardness increase in the BM and LOW regions material. The microstructure simply contained a high density

of needle-shaped precipitates. This corresponds to the micro-during the postweld aging. Consequently, the postweld aging
achieved higher hardness than the as-received base material structure with the peak hardness in 6063 Al.
in the overall weld, but the hardness distribution in the
aged weld was not uniform. The presence of the minimum

IV. CONCLUSIONShardness region may not always be acceptable in practical
use. The SHTA is applied to the weld to homogenize the Friction stir weld of 6063 Al was artificially postweld

aged at 448 K (175 8C). The effect of postweld aging onhardness in the weld. Figure 8 shows the effects of the SHT
and SHTA on the horizontal hardness profile on the center the microstructure and hardness profile of the weld has been

examined. The as-welded weld had a softened region, whichline in the weld. Almost no difference in hardness was
observed among top, center, and bottom lines in the SHT was characterized by dissolution and growth of precipitates.

The precipitate-dissolved region contained a minimum hard-and SHTA conditions. Both the SHT and SHTA produced
relatively homogeneous hardness distributions in the weld. ness in the as-welded condition. Postweld aging significantly

increased the density of strengthening precipitates and ledThe relationship between the aging time and the average
hardness in the solutionized weld is exhibited in Figure 9. to a high hardness in the precipitate-dissolved region. The

density of strengthening precipitates was hardly increasedAging for 43.2 ks (12 hours) to 86.4 ks (24 hours) after
the SHT supplied high hardness in the weld. The TEM in the precipitate-coarsened region, which showed a slight

increase in hardness during postweld aging. Consequently,micrograph of the base material aged for 43.2 ks (12 hours)
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