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Abstract: The effect of dynamic recrystallization (DRX) on the microstructure and mechanical properties of 6063 aluminum alloy
profile during porthole die extrusion was studied through experiment and simulation. The grain morphology was observed by means
of electron backscatter diffraction (EBSD) technology. The results show that, at low ram speeds, increasing the ram speed caused an
increase in DRX fraction due to the increase of temperature and strain rate. In contrast, at high ram speeds, further increasing ram
speed had much less effect on the temperature, and the DRX faction decreased due to high stain rates. The microhardness and
fraction of low angle boundaries in the welding zones were lower than those in the matrix zones. The grain size in the welding zone
was smaller than that in the matrix zone due to lower DRX fraction. The decrease of grain size and increase of extrudate temperature

were beneficial to the improvement of microhardness.
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1 Introduction

Al-Mg—Si alloy hollow profiles play an important
role in the fields of automotive industries and civil
construction due to their low density and high
performance. As an effective deformation technique, hot
porthole die extrusion has been widely used to fabricate
Al alloy hollow profiles. Longitudinal weld seam is a
typical feature of porthole die extrusion [1,2]. The weld
quality is of critical importance and affected by the
welding pressure, welding time, yielding strength of the
material on the welding surface and microstructures in
the welding zone and the surrounding region [3—5].

The microstructures of extruded profile are largely
determined by the initial billet temperature, die structure,
extrusion ratio, etc. Under a specific condition, such as a
given alloy, extrusion press and porthole die, the only
variable process parameter dictating the microstructure is
the ram speed. The extrusion pressure and extrudate
temperature increase with the increase of ram speed,

which has a beneficial effect on welding quality during
porthole die extrusion [6,7]. In addition, in actual
production, the porthole die extrusion is usually expected
to operate at a high productivity and a low scrap.
However, a high ram speed leads to a high temperature
rise, which will influence the surface quality of final
products [8]. And too high ram speeds would also cause
local melting and high extrusion pressure. Surface
defects would occur when the extrudate temperature is
higher than the incipient melting temperature, leading to
scrap. The extrudate temperature can be fluctuated
within a certain range by decreasing ram speed to
improve the surface quality [9]. However, extrusion with
a low ram speed will lead to a relatively low throughput,
which is not in line with industrial production
requirement. Accordingly, the ram speed is an important
parameter affecting the welding quality and extrusion
productivity, and should be well controlled in a
reasonable range [10].

The microstructure in the welding zone was
affected by temperature, strain and strain rate through the
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dynamic recovery (DRV) and dynamic recrystallization
(DRX) [11—13]. Dynamic recrystallization (DRX) would
influence the grain size and its distribution. Compared
with the conical die extrusion, porthole die extrusion is
more helpful for grain refinement [14]. BINGOL et al [7]
found that recrystallization had a significant influence on
the microstructure in the welding zone with the increases
of ram speed and temperature. CHEN et al [15] studied
the microstructure and properties of Al/Mg/Al laminate
extruded by a porthole die. Coarse elongated and fine
equiaxed grains were observed in the Al layer owning to
partial DRX. The microstructure of Mg layer was
uniform due to complete DRX. There were no
intermetallics at the welding interface, resulting in a
lower hardness. Different DRX behaviors were found
between the welding zone and matrix zone in AlI-Zn—Mg
alloy during porthole die extrusion [16]. The volume
fractions of DRX in the zones close to bridge and
porthole wall were the highest. DRX in the welding
zone, volume reduction of micro-voids and migration
of grain boundaries at the bonding interfaces were
found to be beneficial to the improvement of welding
quality [5,17].

As discussed above, much work has been done and
a lot of achievements have been obtained. However,
there are still some problems needed to be further
investigated and clarified, such as the effect of DRX
behavior on the weld quality. In this work, in order to
study the DRX behavior and its influence on the
microstructure and mechanical properties of welding
zone, 6063 aluminum square hollow tubes were
fabricated by porthole die extrusion under different ram
speeds. The grain morphology was observed and
characterized by means of electron backscatter
diffraction technology (EBSD). The mechanical
properties of extruded tubes were analyzed through
microhardness. In addition, the numerical simulation of
the square 6063 aluminum hollow tube under porthole
die extrusion was conducted to further study the DRX
behavior. And the microstructure and mechanical
properties in matrix zone were also studied for
comparison. The influence of DRX on the microstructure
and mechanical properties was then discussed.

2 Experiment and simulation details

2.1 Materials

The studied alloy is a commercial 6063 aluminum
alloy. The chemical composition and homogenization
processing could be referred to Ref. [18]. The
microstructure of the homogenized material is shown in
Fig. 1. The coarse grains with uniform distribution are
observed and the size is about 198 um.

2.2 Hot porthole die extrusion

The porthole die extrusion was performed on an
800 t extruder. The cylindrical 6063 aluminum billet
with dimensions of d86 mm X 300 mm was machined
from homogenized billet for porthole die extrusion.
Before porthole die extrusion, the billet was heated to
480 °C in an electrical resistance type muffle furnace and
soaked for 3 h. The temperatures of the container and
porthole die were both set up to be 450 °C. The ram
speeds of 3, 7, 9 and 11 mm/s were attempted while the
porthole die extrusions were started. A square hollow
profile was extruded out. The cross-section shape and
main dimensions of the square hollow profile are shown
in Fig. 2. The extrusion ratio was 16.9. An AE-3000
type high temperature sensor was used to record the
temperature of the extruded profile at 400 mm distance
from the exit. After extrusion, the profiles were
quenched into water.

Fig. 1 Optical micrograph of as-homogenized 6063 aluminum
alloy
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Fig. 2 Cross-section shape and main dimensions of profile
(unit: mm)

2.3 Microstructure observation

The microstructure of the homogenized billet was
observed by OM. The DRX behaviors of the welding
zone and matrix zone on the cross-section were analyzed
by EBSD. For the OM observation, the sample surfaces
were ground with SiC paper up to 2000 grits and
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polished. Then, the sample surface was electropolished
in the solution of 10 mL HCLO,4 and 90 mL C,HO at
25 V. Furthermore, anodic coating was performed on the
surface with a mixed solution of 5 g HBF, and 200 mL
water at 20 V for 3 min. The OM observation was carried
on an MM—6 type horizontal metallographic microscope.
The grain structures were investigated by a ZEISS EVO
MA10 scanning electron microscope (SEM) equipped
with EBSD detector. The step size was 2 um. The
commercial software HKL Channel 5 was used for
post-processing.

2.4 Microhardness test

The microhardness was tested on a Vickers
microhardness tester at room temperature. The load and
dwell time were 0.5 N and 15 s, respectively. The
distance between the successive indentations was about
100 um. Hardness testing was performed in the cross
direction of the sample.

2.5 Simulation

The porthole die extrusion was modelled using the
Deform—3D v.10.0 software package. A thermovisco-
plastic material model and a thermo-rigid material model
were applied for billet and tools, respectively. The heat
exchange between the tools and billet was allowed. Hot
compression was carried out to obtain the true
stress—true strain curves of 6063 aluminum alloy. The
detailed information about the hot compression could be
referred to Ref. [18]. As needed by DEFORM software
system for the aluminum extrusion process, a friction
factor of 0.4 was assumed at the interfaces of the billet
and tools. 1/8 of the numerical simulation model was set
up for reducing the total computational time, owing to
the symmetries of dies and deformation, as shown in
Fig. 3. The welding chamber zone, die bearing area and
extrudate profile were meshed into tetrahedral elements
with the size of 0.3 mm, while container and porthole
arcas were meshed with sizes of 5 and 1 mm,
respectively.

(b)
Welding chamber

" Porthole

Die
bearing

Fig. 3 Initial meshes of billet, container, die and extrusion pad
(1/8 model): (a) FE model; (b) Close-up view of zone |

3 Results

3.1 Microstructure evolution

Figure 4 shows the EBSD DRX fraction maps in the
welding zone at different ram speeds, where blue
represents recrystallized grains, while yellow and red
indicate substructured grains and deformed grains,
respectively. The high-angle grain boundaries with a
misorientation larger than 15° and the low-angle grain
boundaries with a misorientation larger than 2° were set
as black lines and white lines, respectively. It can be
found that the majority of microstructures in the welding
zones were recrystallized and substructured grains. The
fraction of recrystallized grains firstly increased with the
ram speed increasing from 3 to 9 mm/s, and then
decreased with further increasing the ram speed. At a
ram speed of 3 mm/s, a relative low recrystallized grain
fraction was observed. When the ram speed increased up
to 9 mm/s, almost all of them were recrystallized grains.
Further increasing ram speed to 11 mm/s, recrystallized
and substructured grains coexisted. Compared with the
fraction of the recrystallized grains, the fraction of
substructured grains in the welding zone showed an
opposite trend with ram speed (Fig. 4).

Figure 5 shows the EBSD DRX fraction maps in the
matrix zone at different ram speeds, where blue
represents recrystallized grains, while yellow and red
indicate substructured grains and deformed grains,
respectively. The high-angle grain boundaries with a
misorientation larger than 15° and the low-angle grain
boundaries with a misorientation larger than 2° were set
as black lines and white lines, respectively. The majority
of grains in the matrix zones were recrystallized grains
and some substructured grains. The trend of the
microstructure fraction with the ram speed in the matrix
zones was the same as that in the welding zones.
Compared with the microstructure in the welding zones,
the recrystallized grain fractions were higher and the
substructured grain fractions were lower in the matrix
zones.

Figure 6 shows the relative frequency of mis-
orientation angle in welding zone at different ram speeds.
The frepresents the fraction of the grain boundaries with
misorientation angles of 2°—15°. It is obvious that f
gradually decreased with the increase of ram speed from
3 to 9 mm/s, and then increased with further increasing
the ram speed. The values of f at ram speeds of 3, 7, 9
and 11 mm/s were 34.11%, 18.23%, 14.33% and 20.08%,
respectively.

Figure 7 gives the relative frequency of mis-
orientation angle in matrix zone at different ram speeds.
As a whole, the values of f firstly decreased and then
increased with the increase of ram speed. At the ram
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- Recrystallized region [:] Deformed region

Substructured region

Fig. 4 EBSD DRX fraction maps in welding zone at different ram speeds: (a) 3 mm/s; (b) 7 mm/s; (c) 9 mm/s; (d) 11 mm/s

- Recrystallized region [:] Deformed region
- Substructured region

Fig. 5 EBSD DRX fraction maps in matrix zone at different ram speeds: (a) 3 mm/s; (b) 7 mm/s; (¢) 9 mm/s; (d) 11 mm/s



0.10

Shi-kang LI, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1803—1815

(@)
0.08

0.06 -

0.04

Relative frequency

0.02

0.10

10

f=34.11%

20 30 40 50
Misorientation/(°)

60

(©
0.08

0.06 -

0.04

Relative frequency

0.02

10

f=1433%

20 30 40 50
Misorientation/(°)

60

Relative frequency

Relative frequency

1807

0.10

(b)

e o
vosl £=18.23%

0.06

0.04 1

0.02 -

0 10 20 30 40 50 60
Misorientation/(°)

0.10

(d)

=20.08%
0.08 g °

0.06

0.04 |

0.02 -

0 10 20 30 40 50 60
Misorientation/(°)

Fig. 6 Relative frequency of misorientation angle in welding zone at different ram speeds: (a) 3 mm/s; (b) 7 mm/s; (¢) 9 mm/s;

(d) 11 mm/s
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speeds of 3, 7, 9 and 11 mm/s, the values of f in the
matrix zone were 21.61%, 20.49%, 14.51% and 17.52%,
respectively. It can be seen that the fraction of the
low-angle grain boundaries in the matrix showed a
similar tendency with that in the welding zone. However,
the values of f'in the matrix zone were smaller than those
in the welding zones.

3.2 DRX fraction and grain size

Figure 8 displays the DRX fraction and grain size as
a function of the ram speed. With the increase of ram
speed, the DRX fraction firstly increased and then
decreased, whereas the grain size firstly decreased and
then slowly increased. At ram speed 3 mm/s, the DRX
fraction and the average recrystallized grain size in the
welding zone were 30.5% and 85.7 um, respectively.
When the ram speed increased from 3 to 7 mm/s, grain
size decreased significantly due to the increase of DRX
fraction. When the ram speed reached up to 9 mm/s, the
DRX fraction and average grain size both increased.
Further increasing ram speed, the DRX fraction in the
welding zone decreased from 97.5% at the ram speed of
9 mm/s to 52.1% at the ram speed of 11 mm/s.
Meanwhile, the grain size slowly increased. At the
ram speeds of 7, 9 and 11 mm/s, the grain sizes in the
welding zone were 49.8, 52.1 and 54.5 um, respectively.
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Fig. 8 Effect of ram speed on DRX fraction (a) and grain
size (b) during porthole die extrusion

Compared with those in the welding zone, the DRX
fraction and grain size in the matrix zone were higher
and smaller, respectively.

4 Discussion

Compared with the conventional extrusion, in the
case of porthole extrusion, the billet is firstly separated
into several streams by bridges and then welded in the
welding chamber. After that, profile is extruded out of
the die bearing for forming. Therefore, higher pressure is
required and higher temperature rise is likely to occur.
Moreover, according to the study of DONATI et al [19],
the distribution of strain rate, strain and temperature
inside the porthole die varied greatly, which would
influence the microstructure and homogeneity of the
profile.

4.1 Effect of ram
parameters
The distribution of temperature, strain rate and
strain on the welding surface was discussed in this part,

speed on welding surface

which corresponded to microstructure observation in
Fig. 4. Figure 9 shows the temperature distribution on the
welding surface at different ram speeds. It can be seen
that the highest and lowest temperatures were in the die
outlet and dead zones, respectively. Thus, when the
stream flowed through the welding surface to the die
outlet, its temperature increased. This was due to the
large plastic deformation of the billet flowing from the
welding chamber into the die bearing zone and strong
shear friction between the billet and die in the bearing
zone [20,21]. In addition, with the increase of the ram
speed, the maximum value of temperature increased.
And at ram speeds of 3, 7, 9 and 11 mm/s, the maximum
temperatures on the welding surface were 476, 485, 490
and 495 °C, respectively. The exit temperatures are
shown in Table 1. Obviously, the measured exit
temperature was higher than the temperature on the
welding surface. This indicated that the main
temperature rise during porthole die extrusion occurred
in the die bearing zone. This result was in confirmation
with the experimental result of JO et al [21].

Figure 10 gives the strain rate distribution on the
welding surface at different ram speeds. Obviously, the
strain rate distribution on the welding surface varied
significantly. The dead zone had the smallest value of
strain rate, while the strain rates in the zones near the die
outlet and under the divergent bridges were larger than
those in other zones. The strain rate in the dead zone
reduced to be close to zero, which existed in all
conditions due to strong friction between the stream and
welding chamber. With the increase of ram speed, the



Shi-kang LI, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1803—1815

Outlet

Temperature/°C

(b)

1809

Temperature/°C
488.0

484.8
481.6
478.4
475.2 I
4720

z

0 X

Temperature/°C

495.0 I

493.4

Extrusion direction

491.8

S 014902
7%

’ 1‘.}-.2488.6I
".'.’487.0
N Z

Lox

0
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(d) 11 mm/s

Table 1 Measured exit temperatures at different ram speeds

Ram speed/(mm-s ") 3 7 9 11

Temperature/°C 488.5 500.3 509.3 5145

zones with the strain rate exceeding 0.2 s ' were enlarged
obviously. The maximum effective strain rate increased
from 0.6 s ' at the ram speed of 3 mm/s to 3 s ' at the
ram speed of 11 mm/s.

Figure 11 shows the effective strain distribution on
the welding surface at different ram speeds. The
difference of the strain values along the welding surface
was significant. The values of effective strain near the
die outlet and under the divergent bridges were larger
than those in other zones, while the value of effective
strain in the middle of welding surface was the smallest.
CHEN et al [16] investigated the DRX behavior of an
Al-Zn—Mg alloy during porthole die extrusion process
and found that DRX volume fractions in the zones close
to bridge and porthole wall were much higher than those
in other zones due to large strains. In addition, the ram
speed had little effect on the maximum and minimum
effective strain values, but had a significant effect on the
strain distribution.

4.2 Effect of ram speed on DRX behavior

The process parameters, such as temperature, strain
rate and strain, have a significant effect on the DRX
process [22,23]. In this work, ram speed had a significant
influence on temperature and strain rate, as shown in
Figs. 9 and 10, respectively. But it had little influence on
strain, as seen in Fig. 11. At a ram speed of 3 mm/s, the
main microstructures of square tube were recrystallized
and substructured grains, as shown in Figs. 4(a) and 5(a),
respectively. This phenomenon was mainly due to the
lowest DRX fraction, as shown in Fig. 8(a). Owning to
the high stacking fault energy, DRV is likely to appear in
aluminum alloy during hot deformation [24,25]. At a ram
speed of 3 mm/s, the adiabatic temperature and the
stored energy during porthole die extrusion were low.
Meanwhile, there was enough time for the migration of
grain boundary. Thus, DRV was enhanced and more
substructures were formed.

With the increase of ram speed, the volume fraction
of recrystallized grains increased. This phenomenon
indicated the increase of nucleation for DRX. It is
generally known that dislocation density decreased with
the process of DRV [26—28]. Then, the dislocation
further annihilated and became the energy of DRX with
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the increase of ram speed. In addition, the adiabatic
heating and stored energy of the billet increased with the
increase of ram speed. This was beneficial to the
nucleation of new grain, resulting in a small grain size,
as seen in Fig. 8(b). Thus, a higher DRX fraction was
obtained, as shown in Fig. 8(a). It is also seen that the
DRX process at a ram speed of 9 mm/s was nearly
completed. When the ram speed increased up to 11 mm/s,
the volume fraction of recrystallized grains in the
welding zone decreased to 52.1%. This was because
there was no enough time for the migration of grain
boundary at high strain rates.

Overall, at an initially low speed, increasing the ram
speed caused a large increase of temperature and strain
rate, and provided a sufficient number of sites for the
nucleation of DRX. At high ram speeds, the increase of
ram speed had much less effect on the temperature; thus
DRX was suppressed due to high stain rates. The
influence of the combination of strain rate and
temperature on DRX could be described by Z parameter
( Z=¢exp[Q/(RT)]) [29]. DRX is generally more
pronounced at lower Z values. With the decrease of Z
value, the main softening mechanism of the alloy
transformed from DRV to DRX. According to the study
of WANG et al [30], the deformation activation energy
(Q) of 6063 aluminum alloy was 173 kJ/mol; R is the
universal gas constant (8.314 J/(mol-K)); & and T can
be determined from the simulated results. Table 2 shows
the average values of Z on the welding surfaces at
various ram speeds. It is evident that Z value firstly
decreased and then increased with the increase of ram
speed. At an initially low speed, high temperature rise
led to the decrease of Z value with the increase of ram
speed, and provided great driving force for DRX. The
maximum temperature on the welding surface increased
from 476 °C at a ram speed of 3 mm/s to 490 °C at a ram
speed of 9 mm/s, as shown in Fig. 9. When the ram
speed increased to 11 mm/s, the value of Z slightly
decreased as a result of a high strain rate, which was
consistent with the trend of DRX fraction.

Table 2 Average Z values at different ram speeds

Average Z/s !

Ram speed/(mm~s71)

In welding zone  In matrix zone

3 1.03635x10"°  9.73179x10'®
7 7.25092x10"  7.21654x10"®
9 6.66107x10'®  6.19249x10'®
11 7.08332x10'%  7.03666x10"®

In the studies of CHEN et al [16] and FAN
et al [31], it was found that the strain energy in the
welding zone was higher than that in the matrix zone.

The complete DRX and partial DRX occurred in the
welding and matrix zones, respectively. However, in our
study, DRX fraction in the matrix zone was higher than
that in the welding zone. From Table 3, it can be seen
that the temperature in welding zone was quite close to
that in the matrix zone during the metal flowing through
the bearing zone. Therefore, different DRX fractions in
the profile may be due to the strain rate. Figure 12 shows
the strain rate distribution during the metal flowing
through the bearing zone at different ram speeds. It can
be seen that the strain rate in the matrix zone was lower
than that in the welding zone. Thus, there was enough
time for the cross-sliding and climbing of dislocations in
the matrix zone, leading to a lower value of Z and a
higher DRX fraction.

Table 3 Simulated profile temperatures during flowing through
die bearing zone

Temperature/°C
Ram
Entrance Middle Exit
speed/
(mm-s™) Welding Matrix Welding Matrix Welding Matrix
zone  zone zone zone  zone  zone
3 4723 47277  482.0 4822 498.3 4985
7 484.0 484.8 497.1 497.1 506.3 506.3
9 490.9 4912 5046 5045 5139 5133
11 493.8 4938 5072 507.8 517.8 5175

4.3 Effect of DRX on grain structure of welding zone
Under the influence of shearing and compressing
stress, the homogenized coarse grains were elongated
and grew into strip-shaped grains in the extrusion
direction during hot porthole die extrusion [5,27].
Simultaneously, lots of low-angle grain boundaries were
formed inside the elongated grains and strip-shaped
grains. With the increase of ram speed, substructures
with the low-angle grain boundaries were transformed
into new grains due to the occurrence of DRX. SAKAI
et al [32] found that the accumulation of dislocations at
the low-angle grain boundaries led to the transformation
from low-angle grain boundaries to high-angle grain
boundaries, which resulted in the formation of new
DRXed grains. DENG et al [33] found that DRX did not
occur in the stretched samples of the 2024 aluminum
alloy. However, the transformation from low-angle to
high-angle boundaries in the compressed samples
resulted in the occurrence of DRX. At a ram speed of
3 mm/s, there were 34.11% of low-angle grain
boundaries in the welding zone because of insufficient
energy and time for DRX. With the increase of ram
speed, the amount of low-angle boundaries significantly
decreased as subgrains were removed and the amount
of high-angle grain boundaries increased, as shown in
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Figs. 6 and 7. When the extrusion ram speed increased
to 11 mm/s, the fraction of the low-angle grain
boundaries gradually increased owing to the inhibition of
DRX behavior. Thus, the value of fin the welding zone
increased from 14.33% at a ram speed of 9 mm/s to
20.08% at a ram speed of 11 mm/s. In all, the decline of /'
value was due to DRX, which was beneficial to the grain
boundary migration. Before hot porthole die extrusion,
the microstructure of the billet featured with equiaxed
coarse grains. The average size was around 198 um.
According to the aforementioned experimental results,
it can be seen that the coarse grain size of the
homogenized billets considerably refined by
porthole extrusion (Figs. 4 and 5). This was primarily
due to DRX. As a key factor to determine the final
microstructure, DRX is well known to occur in the case
of Al alloys.

With the increase of ram speed, the fraction of DRX
increased. Correspondingly, the subgrain size decreased.
In this work, it was generally observed that deformation
speed did not have an effect on the grain size. The effect

was

of ram speed on the microstructure was actually exerted
through its effects on temperature and strain rate. When

the extrusion ram speed varied from 3 to 7 mm/s, the
maximum strain rate increased more than two times.
FATEMI-VARZANEH et al [34] found that high strain
rate was beneficial to the motivation of DRX and the
inhibition of grain growth. Therefore, the grain size in
the welding zone decreased from 85.7 to 49.8 um. In the
current trials, when the extrusion ram speed varied from
3 to 11 mm/s, the extrusion temperature increased
linearly with deformation speed, as shown in Table 1.
However, the maximum strain rate only increased by
17.6% when the ram speed increased from 9 to 11 mm/s.
According to ZHAO et al [35], the temperature rise
increased with the increase of ram speed, which would
lead to the grain growth. Thus, the grain size in the
welding zone slowly increased from 49.8 pm at a ram
speed of 7 mm/s to 54.5 um at a ram speed of 11 mm/s
due to high temperature rise. The grain sizes in the
matrix zone were finer and more uniform compared with
those in the welding zone. That was due to the higher
DRX fraction in the matrix zone (as seen in Fig. 8),
which was beneficial to grain refinement.

Therefore, at a low ram speed, increasing the ram
speed led to an increase of temperature and a sufficient
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number of sites for the nucleation, which was beneficial
to DRX. This resulted in a significant grain refinement.
At a high ram speed, increasing the ram speed caused the
inhibition of DRX due to the high strain rate and the
slow increase of grain size because of high temperature
rise.

4.4 Microhardness variation

Figure 13 shows the microhardness of samples
measured at different locations and ram speeds in the
extruded tubes. The average microhardness of the
homogenized billet was HV 5 (38£3). It can be seen that
the tube extruded at ram speeds of 3 and 9 mm/s had the
lowest and the highest hardness, respectively. Overall,
the microhardness in the welding zone was lower than
that in other zones. The increase of microhardness with
the increase of ram speed was mainly caused by two
factors. One is that the grain size decreased with the
increase DRX fraction, which was helpful for the
improvement of microhardness. NAKATA et al [36]
claimed that DRX was a process of grain refinement and
contributed to the improvement of mechanical properties.
BAI et al [37] found that DRX could reduce the grain
size and was beneficial to the improvement of strength
during porthole die extrusion process. The other is that
the dissolution of Mg and Si atoms was enhanced at a
high extrudate temperature. The extrudate temperature
increased with the increase of ram speed, which was
beneficial to the dissolution of Mg and Si atoms in Al
matrix. The microhardness increased with the increase of
the degree of supersaturation. According to the ZUO
et al [38], the average microhardness increased from
HV,, 64.2 to HV,, 75.3 with the increase of solution
temperature. However, at a ram speed of 11 mm/s, the
ram speed has much less effect on the temperature rise,
as shown in Tables 1 and 3, resulting in a decrease in
microhardness due to grain growth.
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Fig. 13 Microhardness distribution at different ram speeds

5 Conclusions

(1) Ram speed had a significant impact on the
temperature and strain rate, resulting in different DRX
fractions in welding zone of 6063 aluminum alloy profile
extruded by a porthole die. With the increase of ram
speed, the DRX fraction firstly increased due to the
increase of strain rate and temperature, and then
decreased at high strain rates because there was not
enough time for the migration of grain boundary. The
DRX fraction in the welding zone was lower than that in
the matrix zone due to the higher strain rate.

(2) With the increase of ram speed, the grain size
firstly decreased due to the increase of DRX fraction and
then slightly increased because of the increase of
extrudate temperature. The fraction of low-angle
boundaries firstly decreased and then increased with the
increase of ram speed. The grain size in the welding zone
was larger than that in the matrix zone due to lower DRX
fraction.

(3) The decrease of grain size and increase of
extrudate temperature were helpful for the improvement
of microhardness in the welding zone.
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