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Abstract In this study, a commercial aluminum—magnesium
alloy was friction stir welded (FSW) at a constant rotational
speed of 1016 rpm and different welding speeds from 50 to
400 mm/min. Temporal thermal histories of the process were
recorded at different locations from the weld line and trans-
formed to spatial temperature distribution near the weld line.
Tensile and microhardness measurements were also per-
formed and the microstructure in the weld zone was investi-
gated. Results of this revealed that an increase in welding
speed causes a decrease in the stir zone temperature, which
leads to a decrease in the stir zone grain size. As a result, both
tensile strength and hardness increased with an increase in
welding speed. Dynamic recrystallization and post-weld static
grain growth were the controlling factors of stir zone grain
size. The grain size correlated closely with the Zener—
Hollomon parameter. Slow cooling resulted in larger post-
weld grain size than what is normally expected.
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1 Introduction

Aluminum—magnesium (Al-Mg) alloys of the 5000 series are
single-phase non-heat-treatable alloys, whose mechanical
properties are determined both by Mg content in solid solution
and grain size. They have excellent strain hardenability, mod-
erate strength, excellent corrosion resistance, very high tough-
ness at cryogenic temperatures, and excellent weldability.
Therefore, these alloys are widely used in applications that
require low-temperature properties and corrosion resistance
such as cryogenic tanks and pressure vessels and marine ap-
plications such as ship-building and living quarters and land-
ing pads on offshore platforms. The metal is used mainly in
the form of sheets, plates, and extruded profiles [1]. Tradition-
ally, these alloys are welded by conventional metal inert gas
(MIG) and tungsten inert gas (TIG) techniques which are
known to cause hot cracking, porosity, element loss, etc. and
result in relatively low joint efficiencies. On the other hand,
the recently developed friction stir welding (FSW) subjects
the joint to severe thermomechanical processing which results
in fine equiaxed grains and higher dislocation density than the
base metal. This leads to a higher joint efficiency in compar-
ison with MIG and TIG techniques [2]. Nowadays, the FSW
process is used effectively in the aerospace, automotive, and
ship-building industries for making high-quality welds with
little or no heat-affected zone.

FSW of aluminum alloys has received considerable atten-
tion since the process inception, particularly the 2000, 6000,
and 7000 series alloys because they are considered to be
difficult-to-weld or unweldable by fusion welding. However,
the 5000 series alloys are readily weldable by MIG and TIG
techniques and therefore they are substantially less explored
by FSW. Because Al-Mg alloys are strain hardenable, their
mechanical properties are significantly affected by the thermal
cycle of the welding process. Annealing of previous work
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hardening and microstructure changes, which are temperature
and time dependent, including both grain refinement and ab-
normal grain growth are common. On the other hand, the
severe plastic deformation associated with FSW causes con-
siderable work hardening. Therefore, the resulting mechanical
properties of the welded joint depend on the interaction be-
tween thermal softening and work hardening mechanisms.
Sato et al. [3] observed that an increase in heat input (i.e., an
increase in w/v ratio, where w is rotational speed and v is
welding speed) resulted in larger equiaxed grains in the stir
zone of Al 5052 with lower density of dislocations and sub-
boundaries, up to a grain size of 10 um. This in turn resulted in
an increase in the fracture strain. Beyond this limit, the stir
zone contained many sub-boundaries and the fracture strain
was reduced. Cui et al. [4] used different combinations of tool

Fig. 1 a FSW setup and b
geometry of the H-13 steel
friction stir welding tool

geometries, rotational speeds, welding speeds, and cooling
methods to manipulate the microstructure during FSW of Al
5083. They showed that the average grain size in the stir zone
generally decreased with conditions that resulted in lower heat
inputs and higher cooling rates. These results were also con-
firmed by the work of Tronci et al. [5] in the FSW of A1 5182
and Al 5083, Baisadi et al. [6] for Al 5083, Yoon et al. [7] for
Al 5052-0, and Jamalian et al. [8] for Al 5086-H34.

The recrystallized microstructure in the stir zone of alumi-
num alloys has been the subject of several studies in the liter-
ature. Results of these studies indicated that dynamic recrys-
tallization occurs during friction stir welding as a result of the
thermal and deformation cycles [9-14]. A detailed review of
recrystallization under hot, cold, and severe plastic deforma-
tion was presented in [9] and it indicated that severe plastic
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(b) Geometry of the H-13 steel friction stir welding tool
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deformation (as in the case of FSW) results in the formation of
fine grains that are surrounded by non-equilibrium high-angle
boundaries (HABs), which can be transformed into equilibri-
um HABs if a further annealing treatment is applied. This
conclusion was previously stated by [10] in the FSW of Al-
Li alloy. They confirmed by orientation imaging microscopy
(OIM) that the grains observed in the weld nugget are high-
misorientation subgrains which were formed by dislocation
glide-assisted-subgrain-rotation. Etter et al. [11] suggested
that the recrystallization mechanism in the stir zone of Al
5251 depended on the initial work hardening state of the alloy.
For the work-hardened alloy, grain refinement occurred by
continuous dynamic recrystallization (CDRX), while for the
annealed alloy, it occurred by geometric dynamic recrystalli-
zation (GDRX) due to pinching of grain boundary serrations.

The Zener—Hollomon parameter Z = exp (Q/RT), where
€ 1s the strain rate, 7 is the deformation temperature, and Q is
the activation energy for deformation, has been shown to cor-
relate well with the recrystallized grain size in various hot
metal forming processes [12]. This parameter combines the
effects of deformation (i.e., strain rate) and temperature as the
driving force for recrystallization. The post-deformation
subgrain size was shown to decrease with the increase of Z
for several hot forming processes of low-alloy aluminum [12].
Gerlich et al. [13] demonstrated that the reciprocal of the final
stir zone grain size in air-cooled friction spot welding of Al
5754 could be predicted by a linear function of log (Z). Masaki
et al. [14] and Zhang and Wu [15] used a similar relationship
to simulate the recrystallization microstructure in FSW Al
1050 and A1 6061-T6, respectively. Furthermore, it was point-
ed out in [15] that temperature has the largest contribution to
recrystallization grain refinement in FSW, while deformation
contribution was minimal. In the present work, we consider
the FSW of commercial aluminum alloy 5051, which is typi-
cally a product of aluminum recycling and finds wide accep-
tance in civil and marine construction due to its low cost, good
formability, weldability, and corrosion resistance. Because the
mechanical performance of the welded joint is greatly influ-
enced by the joint microstructure, we consider the microstruc-
ture evolution as a function of thermal history. The tempera-
ture distribution surrounding the weld line is constructed using
a novel time domain-to-space domain transformation and the
effect of welding speed on stir zone temperature, grain size,
hardness, and tensile strength is investigated. An attempt is
also made to explain the recrystallization mechanism respon-
sible for grain refinement.

2 Materials and methods
The aluminum alloy used in this study was a commercial Al-

Mg alloy with the composition Al-1.4Mg, 0.22Si, 0.22Fe,
0.04Mn, and 0.08Cu, all in weight %. The material was

Table 1  Summary of experimental conditions
Parameter Values
Welding speed (mm/min) 50, 100, 200, 300, 400
Rotation speed (rpm) 1016
Downforce (kN) 4.0
Pin geometry
Shoulder diameter (mm) 15.0
Pin diameter (mm) 6.0 at base, 4.0 at tip
Pin length (mm) 4.5
Tilt angle (°) 1.0

received in the form of an extruded bar with a rectangular
cross section of 63.5-mm width and 4.8-mm thickness. The
material temper was partly annealed condition. The bar was
cut into 125-mm-long pieces which were butt friction stir
welded along their length (i.e., parallel to the extrusion direc-
tion). FSW was conducted on a vertical milling machine
equipped with a load cell for force measurement. An insulated
mantle consisting of mild steel plate with a 6-mm thickness
and fiberglass composite laminate with a 4-mm thickness was
placed between the aluminum blanks and the dynamometer.
The tool which was made from H13 tool steel has a shoulder
diameter of 15 mm and a tri-fluted and threaded pin that is 4.5-
mm long, 6 mm in diameter at the base, and 4 mm in diameter
at the tip. The tool rotation was in the counter clockwise di-
rection; a rotating speed of 1016 rpm and a backward tilt angle
of 1° were maintained for all welding experiments. The
welding speed was varied from 50 to 400 mm/min. Figure 1
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Fig. 2 Welding geometry showing locations of thermocouples along

both sides of the weld line. Vertical distance between thermocouples is
4.0 mm
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Fig. 3 Typical thermal history recorded during friction stir welding
(welding speed 200 mm/min)

shows the experimental setup and the shape of the friction stir
welding tool and Table 1 lists the testing parameters used in
the FSW experiments. A schematic of the welding geometry is
shown in Fig. 2. The initial plunge of the tool was increased
manually until a downward force of 4000 N was achieved,
after which advancing of the tool commenced and continued
for a distance of approximately 105 mm. The temperature
distribution below the surface of the workpiece on the advanc-
ing and retreating sides was measured by an array of thermo-
couples arranged as shown in Fig. 2. Type K insulated ther-
mocouple wires of fine gage (36) were placed in shallow holes
drilled in the workpiece. The holes were 1.0 mm in diameter
and approximately 1.5 mm in depth. The holes were filled
with thermal conducting paste then the thermocouple beads
were inserted and secured in place with aluminum tape.

Fig. 4 Steady-state temperature
distribution near the weld line
obtained from thermocouple
thermal history for welding
speeds of 100, 200, and 400 mm/
min. Tool shoulder and pin are
indicated by concentric circles,
tool rotation is in the counter
clockwise direction and it
advances from bottom to top

20 -10 0 10 20
X (mm)

(a) 100 mm/min

@ Springer

450 T

400 41 Estimated max. temp.

350 -

300 -

250 -

Temperature (°C)

200 -

150 T T
-20 -10 0 10 20

Distance from Weld Line (mm)

Fig. 5 Estimation of maximum welding temperature using three-point
Gauss function

After welding, specimens were cut from the welded plates
to carry out microstructural and mechanical testing. Subsize
tensile test specimens were prepared according to ASTM E8/
E8M-09 [16] with a total length of 100 mm and a gage length
of 32 mm. The specimens were cut perpendicular to the weld
line such that the welded zone is in the middle of the gage
length. Cutting of the tensile testing specimens was made
using a CNC wire EDM and three samples were prepared
for each testing condition. Room-temperature tensile tests
were performed on a universal testing machine (MTS Alliance
RF/150) at a crosshead speed of 1 mm/min. Vickers micro-
hardness tests were performed on a universal hardness tester
(Duramin A2500) on mounted and polished samples of the
cross section of the welded zone at a distance of
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Fig. 6 Variation of average width of HAZ and estimated maximum
temperature with welding speed

approximately 2 mm below the top surface and at lateral in-

tervals of 1 mm under a load 0f 9.8 N and a hold time 0f 4.6 s.

Macrostructure and microstructural analyses were per-
formed using an optical microscope on polished and etched
samples of the cross section of the welded joints. The samples
were polished with SiC paper of grid sizes 400, 800, and 1200.
After polishing with SiC paper, the samples were polished
with 3 and 1-um size diamond paste and then colloidal silica.
For macrostructure examination, the specimens were etched
with a reagent consisting of 90 ml H;PO,4 and 10 ml HNOj; by
wiping the etchant on the polished surface several times with a
cotton swab until the desired macro features were resolved.
For microstructure evaluation, electrolytic etching was per-
formed in a Barker solution at a voltage of 20 V and current
of 0.5 A for 90 s. A fluorescence microscope was used to
obtain images of the microstructure at a magnification of
x100. The average grain size in the stir zone was obtained
by a circular intercept method according to the follow-
ing formula: d=C/(NxM) where C is the circumfer-
ence of a circle (20 cm in this case), N is the number
of intersections related to grain boundaries along the
circumference, and M is the magnification [17].

3 Results and discussion
3.1 Thermal history

Figure 3 shows the time response of the thermocouple array
during welding for a welding speed of 200 mm/min. It is noted
that the peaks recorded by the different thermocouples are not
coinciding since the tool arrived at these locations at different
times. The maximum temperatures were recorded by TC4 and
TCS that are closest to the weld line. It was pointed out by
several researchers that the characteristic time response shown
in Fig. 3 represents the steady-state temperature field during
welding. Hwang et al. [18] and Don et al. [19] demonstrated
that thermocouples placed at the same lateral distance from the
weld line but at different locations along the line eventually
recorded similar temperature histories. Inagaki et al. [20]
showed that thermocouples placed at different positions along
the weld line recorded approximately similar peak tempera-
tures. This means that the temperature field during welding is
steady. This conclusion allows the construction of a spatial
distribution of the temperature field by converting the time
domain of the thermocouple readings to a space domain. For
any particular thermocouple in the array under steady-state
conditions, the temperature at a given time is converted to a
temperature at a given location from the welding pin by mul-
tiplying the instantaneous time by the welding speed. Utilizing
this transformation and ignoring natural delay in thermocou-
ple response, one can obtain the spatial temperature distribu-
tion along lines parallel to the weld line at the same lateral
location of the thermocouples. This data is then presented as a
contour plot. Figure 4 shows temperature contours construct-
ed from the transformed spatial data for welding speeds of
100, 200, and 400 mm/min. In these contours, the origin of
the coordinate system is attached to the center of the tool. The
time at which the temperature is at peak value for a given
thermocouple is set to zero and the time elapsed before this
is considered to be negative (thus corresponds to negative
distances on the contour plots). It can be seen from these plots
that the temperature distribution is asymmetric with respect to

Table 2 Summary of mechanical

testing results Welding speed  Tensile Strainto  Fracture Sz Maximum Estimated peak
(mm/min) strength failure location hardness downforce (kN)  temp (°C)
(MPa) (HV)

50 109 0.220 HAZ-AS 613 4.0 4425

100 125 0.223 HAZ-AS, 60.0 4.1 4244
-RS

200 120 0.232 HAZ-AS 725 4.9 3834

300 122 0.219 Sz, 65.5 47 376.5
TMAZ

400 120 0.233 SZ, 66.7 5.0 358.1
TMAZ

Base metal 180 (RD) 0.163 - 80.0 - -
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the weld line, with higher temperatures on the advancing side
and with the extent of asymmetry increasing with an increase
in welding speed. Furthermore, the temperature gradient from
the weld line increases with the increase in welding speed.
This is due to the shorter time available for heat conduction.
This variation of temperature gradient with welding speed is
closely correlated with the size of the heat-affected zone as
discussed in the next section. Asymmetric temperature

Fig. 7 a—e Macrostructure of the
welded joint showing typical
regions of FSW including the
nugget or stir zone (SZ),
thermomechanically affected
zone (TMAZ), heat-affected zone
(HAZ), base metal (BM), and joint
line (JL) for different welding
speeds. Note welding defects in
(d) and (e) in the form of
incomplete consolidation and
voids

(a)

(b) 100 mm/min

(c) 200 mm/min

distribution in friction stir welding has been reported mostly
by numerical solutions [15, 21-23] and only with a slight
difference between the advancing side and the retreating side.
This is attributed to the tool advancing cooler material ahead
and sweeping it to the retreating side. A more profound asym-
metric nature of the temperature distribution is revealed in the
present work possibly due to inaccuracies in the thermocouple
location from the weld line. Nevertheless, this apparent

(ej 400 mm/min
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asymmetry is in agreement with the magnitude of asymmetric
weld zone shape, plastic flow, and mechanical properties as
reported in the literature [24].

The temperature at the weld line is estimated from the
spatial temperature distribution of the peak temperatures of
thermocouples TC1 to TC8 as shown in Fig. 5. A three-
point Gauss peak function was used to fit the data and the
peak temperature interpolated by this function is assumed to
be the temperature of the material at the weld line. Figure 5
shows the variation of estimated weld line temperature with
the welding speed. It can be seen that the peak temperature at
the weld line is slightly affected by the welding speed where a
700 % increase in welding speed leads only to a 23 % decrease
in the peak temperature. This is in accordance with the work
of Arbegast and Hartly [25] which showed that the peak tem-
perature is a strong function of the rotation speed and it is a
weak function of the reciprocal of the welding speed. These
results are also in close agreement with the experimental find-
ings reported in [19, 20]. In the present study, the estimated
peak temperature decreased from approximately 440 °C at
50 mm/min to 360 °C at 400 mm/min, which is lower than
the recommended temperature for annealing after cold work.
Thus, the material deformed at higher speeds is expected to
retain some work hardening effects and exhibit lower material
flow.

3.2 Macrostructure of the welded zone
Figure 7 shows the macrostructures of cross sections of the

welded joints obtained at different welding speeds. The shape
of the FSW tool was also imposed on the macrostructure

Fig. 8 Microhardness
measurements in the welded

image to show the different contact areas with the pin and
shoulder. The macrostructure images show typically identifi-
able regions in a FSW joint of aluminum alloys including the
stir zone (SZ), thermomechanically affected zone (TMAZ),
and heat-affected zone (HAZ). The remnants of the joint line
(JL) are also visible. While the size and shape of the TMAZ do
not appear to vary from one welding speed to another, a sig-
nificant variation of the size of the heat-affected zone is evi-
dent, where the width of HAZ decreased significantly with an
increase in welding speed because high welding speeds elim-
inate excessive heat conduction due to lower interaction time.
Also evident in the macrostructure images is the beginning of
the formation of welding defects at a speed of 200 mm/min.
The welding defects in the form of root and internal voids
become very clear for welding speeds of 300 and 400 mm/
min, respectively. The root and internal voids were not con-
tinuous along the entire weld line, but rather sporadic and
localized. The cause of these defects is insufficient flow of
the material due to the decrease in temperature with the in-
crease in welding speed and due to the reduction in the stirring
effect of the welding tool as predicted numerically by [26].
Since Al 5051 is a strain-hardened alloy, a reduction in the
temperature in the stir zone leads to more retention of work
hardening and loss of ductility. It has been known from pre-
vious studies that 5000 series alloys have high ductility at
elevated temperature [27, 28]. At low temperature, they have
limited ductility prone to defects. These effects are evident in
the measurement of mechanical properties discussed in the
following section. Figure 7 also clearly shows that the width
and shape of the heat-affected zone changes with the increase
of welding speed. A slight asymmetry in the width of HAZ is

region for different welding Location of hardness 2mm
speeds. The base metal hardness measurement _: '''''' | - i T Il_l
is approximately 80 HV | TMAZ |\ sz | TMAZ |
80 : : ! :
RS | 00 | | @ AS
70 - _ _ : | . :
S 60 o ‘ 0©° 'a|> _ 1Y
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Fig. 9 Variation of mechanical properties with welding speed. Width of
error bars represents the range of measurements

apparent as a result of the asymmetry in the temperature field
around the weld line as discussed in the previous section.
Figure 6 shows the variation of the width of HAZ measured
at the middle of the thickness of the cross section of the weld
as a function of welding speed. It is apparent that the width of
the heat-affected zone is larger for the slow welding speed and
decreases with an increase in the welding speed due to the
decrease in interaction time. This is in close agreement with
the temperature contours shown in Fig. 4. As the temperature
gradient becomes steeper, the location of the temperature at
which microstructural changes occur becomes closer to the
weld line and thus the width of the heat-affected zone becomes
narrower.

3.3 Mechanical properties

Table 2 lists the results of mechanical testing conducted on the
tensile and hardness samples prepared from the welded joint
in comparison with the tensile strength and hardness of the
base metal. The table also lists the maximum downforce ap-
plied on the tool and the estimated peak temperature at the
weld line. It is noted that the maximum downforce varied from
one experiment to another due to the lack of automatic control
and the maximum variation was 25 %. This variation would
eventually slightly affect the heat input and the resulting mi-
crostructure and mechanical properties. The location of frac-
ture in the tensile specimen gage area was not consistent for all
welding speeds as shown in Table 2. For the lower speeds of

Fig. 10 Microstructure of the
base metal (a), the TMAZ (b),
and the stir zone (c¢) for a welding
speed of 100 mm/min

@ Springer

50 to 200 mm/min, fracture generally occurred in the heat-
affected zone on the advancing side. However, for the higher
welding speeds of 300 and 400 mm/min, fracture occurred
either in the TMAZ or the in the SZ. This is perhaps due to
the weakening of the welding area by the existence of welding
defects as shown in Fig. 7. At high-speed welding, defects
initiated because of insufficient heat and ductility.

Figure 8 shows microhardness measurements for the dif-
ferent welding speeds. These measurements were made on
mounted and polished samples of a cross section of the welded
region and along a line that is 2 mm below the top edge of the
weld as shown schematically on the figure. The schematic
also shows the welding tool and the different macrostructure
regions of the weld. The hardness of the base metal was in the
order of 80 HV. It is shown that hardness values in the differ-
ent regions of the weld have generally decreased from the
hardness level of the base metal. However, no systematic
changes in hardness can be associated with the different mac-
rostructural zones due to the previous mild work hardening
history of the alloy caused by partial annealing. Figure 9
shows the variation of the average hardness in the stir zone,
tensile strength, and strain to failure with welding speed. It is
shown that the average hardness in the stir zone only slightly
increases with the increase in welding speed. This is attributed
to the decrease in peak temperature and retention of work
hardening. The tensile strength also slightly increased with
increasing speed as expected, which is a typical behavior of
Al-Mg alloy. Despite the presence of defects in the stir zone
for higher welding speeds, the tensile strength for these speeds
is of similar levels or slightly higher than that for lower speeds.
This is in part attributed to the fact that the defects were not
continuous (no tunnel defects) but rather localized along the
length of the weld. It is noted here that the tensile strength of
the base metal in the extrusion direction was approximately
180 MPa, as reported in Table 2. This strength is significantly
higher than the tensile strength for the FSW joints (which is
approximately 70 % of the base metal). The drastic difference
in strength is due to two reasons. First is the effect of anisot-
ropy where the base metal tensile sample was cut parallel to
the extrusion direction due to material width constraint while
the FSW samples were prepared normal to the extrusion di-
rection. Second is the effect of thermal softening due to the
thermal cycle of welding as exhibited by the reduction in
microhardness shown in Fig. 8. The fracture strain also
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generally slightly increased with increasing welding speed as
seen in Fig. 9. These slight increases in hardness, tensile
strength, and strain to failure are closely associated with the
changes in microstructure in the weld zone, particularly grain
refinement (Hall-Petch effect) as discussed in the next
section.

3.4 Microstructure evolution

Figure 10 shows micrographs of the microstructure in the
parent metal as well as in TMAZ and the stir zone for a
welding speed of 100 mm/min. Similar micrographs were
obtained for the remaining welding speeds. The average grain
size of the parent metal was in the order of 54 um. The mi-
crostructure in the stir zone consisted of equiaxed grains
which are much smaller in size than the parent metal and
ranged in size from 25 um at a welding speed of 50 mm/
min to 12 pm at a welding speed of 400 mm/min. Figure 11
shows the relationship between mechanical properties and the

0.40
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v 5083-H112 (Cui et al., 2009) O 9mm shoulder
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InZ

Fig. 12 Variation of grain size Zener—Hollomon parameter for this study
and the results of similar studies under different thermal and cooling
conditions

average grain size in the stir zone, d. The tensile strength and
hardness increased slightly with the decrease in grain size and
followed the well-known Hall-Petch relationships

0=00+kod ?and H = H, + knd />

where o, H,, ks, and ky are constants. The strain to failure did
not increase appreciably with decreasing grain size.

The reduction of grain size in the stir zone was most likely
caused by continuous dynamic recrystallization (CDRX) as sug-
gested by [9-14]. Apparently, the temperatures and deformation
levels caused by FSW in the present study are analogous to those
present in large deformation hot working, and therefore, the ma-
terial underwent dynamic recrystallization under these conditions
where fine grain structure was generated in the stir zone. In this
deformation mode, the grain size has been found to correlate well
with the Zener—Hollomom parameter (Z). To obtain the values of
Z for the present study, an activation energy of 156 kJ/mol°K was
used. It is also necessary to estimate the rate of deformation in the
stir zone. This was done using a simple relationship assuming a
torsion-type deformation as proposed by [29]

. Ry x27re
= .

where R, is the average material flow rate, 7, is the radius of stir
zone, and L is its depth. As a first approximation, it was assumed
that R, is half of the pin rotational speed, 7. is the radius of the
pin at half-length, and L is the pin length. To compare the results
of the present study with previous work, we used the experimen-
tal data from [3] and [4] for Al 5052-O and Al 5083-H112,
respectively. Because the peak temperatures were not measured
in these works, we estimated the peak temperatures using the
empirical relationship by [25]

2 «
T=T.K <W>
%

where 7y, is the melting temperature of the alloy and K and « are
the empirical constants. By fitting this relationship to temperature
data from the present work and the works of [20] on Al 1050 and
[30] on Al 6063, it was found that the constants K and o were
0.1961 and 0.1285, respectively. Figure 12 shows the relation-
ship between the reciprocal of the average grain size in the stir
zone 1/d and In Z for this study as well as the experimental data
obtained from [3] and [4]. It can be seen from this figure that the
results of the present study are in close agreement with those of
[3, 4] when the welding conditions promoted higher tempera-
tures in the stir zone. In this regime, the grain size in the stir zone
is related to Z by the relationship

d"' =a+bin(2)
where a and b are constants. This result is in agreement with the

works of [10, 12, 31] and confirms the occurrence of dynamic
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recrystallization in the stir zone. The figure also illus-
trates the influence of cooling strategy on the post-weld
grain size. For air cooling (or slow cooling) conditions,
the stir zone grain size tends to be larger. This is due to
higher temperatures in the stir zone and the occurrence
of static grain growth after welding and during cooling
as suggested by [7] and [32]. It is apparent that the
effect of static grain growth (smaller 1/d values) is more
profound in the present study due to the use of an
insulated mantel, which significantly delayed the
cooling process in comparison with the normally air-
cooled condition (Fig. 12). On the other hand, reducing
the temperature in the stir zone by reducing the tool
shoulder diameter [3] and increasing the cooling rate
by the use of copper heat sink and water [4] both re-
sulted in much finer grain size. The former caused grain
refinement by dynamic recrystallization under lower
values of Z in accordance with the empirical relation-
ship above and the latter significantly reduces post-weld
static grain growth.

4 Conclusions

The thermal history and microstructure evolution during the
friction stir welding of Al-Mg alloy were investigated at dif-
ferent welding speeds and their effect on mechanical proper-
ties was discussed. It can be concluded from this work that

1. Sound welds for this Al-Mg alloy can be obtained at
welding speeds below 300 mm/min and rotational speed
of 1016 rpm. At higher welding speeds, internal and sur-
face voids form at the bottom of the stir zone due to lower
welding temperatures and insufficient material flow.

2. Grain refinement occurs in the stir zone due to continuous
dynamic recrystallization and the average grain size is
closely related to the Zener—Hollomon parameter.

3. The peak temperature in the weld zone decreases with the
increase in welding speed which results in a decrease in
stir zone grain size.

4. The effect of post-weld static grain growth in the stir zone
is significant due to slow cooling.

5. The tensile strength of the weld joint and hardness in the
stir zone are related to grain size by the Hall-Petch
relationship.
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