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Abstract: The extruded plate of powder metallurgy AA2024 aluminum alloy was successfully solid-state joined by
friction stir welding (FSW) to demonstrate potential applications in the aerospace and automotive industries. For
determining the optimal processing parameters of FSW, the microstructure, mechanical properties, and fracture behavior
of FSW joints were evaluated. When the processing parameters were optimized with 2000 r/min rotation speed and
100 mm/min traverse speed, high quality welds were achieved. The ultimate tensile strength yield strength and
elongation of the joint can reach 415 MPa (85% of the base metal strength), 282 MPa, and 9.5%, respectively. The
hardness of the joint gradually decreased from the alloy matrix to the heat-affected zone. The lowest strength and
hardness appeared near the heat-affected zone because of the over-aging caused by heat flow from repeated stirring
during FSW. The average grain size of the stir zone (2.15 um) was smaller than that of the base metal (4.43 um) and the
heat-affected zone (5.03 um), whose grains had <110> preferred orientation.
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1 Introduction

High-strength aluminum alloys with refined
microstructure and fine reinforcement particles
fabricated by powder metallurgy (PM) have
attracted attention as novel lightweight structural
materials for applications in the automotive,
aerospace, military, and marine industries [1 - 5].
Particularly in the automotive field, PM high-
strength aluminum alloys are in a greatest demand
to improve energy efficiency and reduce emissions.
On the one hand, vehicle components can be
produced from sintered aluminum alloys, such as
AC2014 (Al-4.4Cu-0.8Si-0.6Mg) with reasonable
mechanical properties, offering the combination of
weight and material savings due to the low density
and near net shape processing [6, 7]. To broaden
aluminum PM technology applications,
considerable research efforts have emphasized the
development of large-size sintered billets of high-
strength aluminum alloys. For example, PM
AA2024 and PM AA7055 can be made into bars,
profiles, and plates by plastic deformation [8§-10].
However, it is challenging to joint or assemble PM
high-strength alloys  applied in
manufacturing engineering and industrial complex
structures, because the reinforcing AlLOQO,
nanoparticles together with precipitated phases
(AL,Cu, ALLCuMg, MgZn,, etc.) tend to agglomerate
and may produce cracks in the joints [11-13].

To date, friction stir welding (FSW) has
demonstrated significant promise as a solid-
state joining technique for metals [14 — 18] and
composites [19 — 24]. In effect, PM high-strength
can be also considered as

aluminum

aluminum alloys
aluminum-matrix nanocomposites due to the
dispersion strengthening mechanism of AlLO,
nanoparticles, namely oxide dispersion strengthened
(ODS) aluminum alloys [25 — 27]. The fusion
welding processes, including gas metal arc welding,
usually result in transport and agglomeration of the
finely dispersed oxides on the surface of the weld
pool, thereby degrading the joint strength. FSW has
incorporated oxide particles into the metal matrix to
produce ODS copper and steel [28, 29]. Several
studies have shown that the fine distribution of
ALQ, nanoparticles in the pure aluminum matrix by
FSW is feasible [30-32].

Multiple papers in the past few years have
emphasized the preparation of powder metallurgy
high-strength aluminum alloys [8, 25, 33, 34].
However, the results of PM high-strength aluminum
alloys FSW processing have not been reported yet.
This work aims to study the microstructure,
mechanical properties, and fracture behavior of the
FSW PM AA2024 aluminum alloy. The plate of PM
AA2024 alloy was
metallurgy route and subsequent hot extrusion, and
the effects of FSW processing parameters on the
weldability of the material were studied. After

fabricated by a powder

establishing a suitable working window, the

microstructure, microhardness, and  tensile

properties of the welds were evaluated.

2 Experimental

The chemical composition of PM AA2024
aluminum alloy used in this study is Cu 4.74 wt.%,
Mg 1.73 wt.% , and Al in balance. The primary
billets with 203 mm diameter were prepared by
powder metallurgy, which included powder mixing,
cold isostatic pressing, and sintering, as reported in
detail elsewhere [8]. Subsequently, the sintered
ingots were hot extruded into 50 mm thick and
137 mm wide plates, with the extrusion ratio of 5:1
at 405 °C. The plates were heat-treated at 490 °C for
2 h, quenched in water at room temperature, and
naturally aged at room temperature for 7 d (T4 heat
treatment).

The PM 2024-T4 aluminum alloy plates were
machined (wire cut and milled) to the dimensions of
100 mm (length)*60 mm (width)*3 mm (thickness),
and joined by FSW. Figure 1(a) shows the FSW
process schematics, including rotating and travel
directions. The longitudinal direction (also known
as the welding direction, WD) of the plates is
perpendicular to the extrusion direction (ED), and
normal direction (thickness direction, ND). The
diameters of the shoulder and cylindrical pin were
10 mm and 3 mm, respectively, and the length of the
pin was 2.85 mm. To determine the optimal process
parameters, FSW trials were performed at the
traverse speed v of 40—120 mm/min and the rotation
speed @ of 1000-2000 r/min. Specific parameters
are listed in Table 1.

Microstructure examinations of the welded
joints were carried out by scanning electron
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Figure 1 (a) Illustration of the friction stir welding
process; (b) Geometry of the tensile sample with a weld
(Unit: mm)

microscopy (SEM, LEO 1450, Carl-Zeiss) at 20 kV,
field-emission  scanning electron  microscopy
(FE-SEM, SUPRA 55, Carl-Zeiss) at 15 kV, and
electron backscatter diffraction (EBSD, SUPRA 55,
Carl-Zeiss) at 20 kV. The distribution of the
secondary phases was analyzed by an energy
dispersive spectrometer (EDS). To evaluate the
mechanical properties of the welds, tensile tests
were performed at room temperature at 0.5 mm/min
speed. The tensile specimens were cut from the
center of the plate with the weld in the middle of the
sample length, as shown in Figure 1(b). The dog-
bone-shaped samples were 10 mm wide, 3 mm
thick, and 115 mm long. Vickers micro-hardness

along the joints cross-section was measured with
50 g load and 0.5 mm spacing between indentations.
Two sets of micro-hardness measurements were
carried out from the top to the bottom on the cross-
section of the joints.

3 Results and discussion

3.1 Optimal FSW parameters

The FSW process parameters include the
rotation and the traverse speed, which have
important effects on joint forming. The welding heat
input directly affects the plastic flow of the material
and the temperature of the welding nugget. The heat
input, ¢, in the welding process can be calculated
as:

n,ua)P(rj +ror, + rf)

- 45(r0 +r1)v

(0]

1%

e (1

According to Eq. (1), the welding thermal
input ¢, is proportional to the ratio of the rotation
speed to the traverse speed w/v, which can be used
as a standard to measure the thermal input in the
welding process. The FSW parameters used in this
work and the corresponding mechanical properties
of the welded joints are listed in Table 1.

Figure 2 shows the surface morphology of PM
2024 aluminum alloy welds obtained using different
welding parameters. Figures 2(b) and 2(e) show
macroscopic defects in the welded joints of samples
2 and 5. The reason for defects is that the thermal
input during FSW is inadequate (w/v=12.5), leading
to low temperature in the joint area, insufficient
degree of stirring, and poor metal plastic flow.
Eventually, the accumulation of the plastically

Table 1 Mechanical properties of PM AA2024 with different FSW parameters

Sample /(r*min™")  v/(mm-'min™) wlv UTS/MPa YS/MPa Elongation/% Joint coefficient/%
BM — — — 476 326 17.0 —
1 1000 40 25.0 287 246 3.0 60
2 1000 80 12.5 251 246 2.0 53
3 1500 40 37.5 305 252 2.7 64
4 1500 80 18.7 330 276 2.5 70
5 1500 120 12.5 253 246 2.0 53
6 1800 40 45.0 310 243 4.0 65
7 1800 80 22.5 340 267 3.0 72
8 2000 80 25.0 337 274 4.0 71
9 2000 100 20.0 415 282 9.5 85

Annotation: Joint coefficient means the ratio of the UTS of the welded joint to UTS of the base metal.
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Figure 2 Macroscopic features of friction stir welding joints using different welding parameters: (a—h) Samples 1-9 in
Table 1

deformed metal lessens, and the weld cannot be
completely filled, resulting in surface defects such
as furrows and holes. No obvious macroscopic
defects were found in other samples.

The relationship between the thermal input and
the joining performance is shown in Table 1 and
Figure 3. The ultimate tensile strength (UTS) and
yield strength (YS) of FSW joints first increase and
then decrease with the w/v ratio, and there is an
optimal ratio. When w/v=12.5 for samples 2 and 5,
the mechanical properties of the welded joints are
the worst, with the 251-253 MPa of UTS, 246 MPa
of YS, and 2% of elongation. The loss ratio of the
joint strength reaches up to 47%. The optimal
mechanical properties of the joint of sample 9 are
achieved at w/v =20, with 415 MPa of UTS,
282 MPa of YS, and 9.5% of elongation. The joint
efficiency of the sample 9 is 85% in terms of the

450
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=
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Figure 3 Strength of friction stir welding joints as a
function of welding thermal input

UTS. The mechanical performance of the FSW
joints varies with the welding heat input, and is
related to metal accumulation and the grain size
increases in the stir welding zone. High welding
heat input will lead to excess heat accumulation of
metals, resulting in grains coarsening in the stir
welding zone, weakening the joint performance. On
the other hand, insufficient heat input results in less
metal accumulation, and poor fluidity. When the
plastic metal cannot reach the position of the hole in
time under high welding speed, it is easy to form
holes and other defects, which adversely affect
mechanical properties of the joint.

3.2 FSW joint microstructure

Generally, FSW produces four kinds of distinct
microstructure zones, namely the stir zone (SZ),
thermo-mechanical affected zone (TMAZ), heat-
affected zone (HAZ), and base metal (BM).
Figure 4 shows that the FSW joint in this work is
mainly composed of the SZ, TMAZ, HAZ, and BM.
According to the relative direction of the traverse
speed and rotation speed, the TMAZ can be divided
into advancing side thermo-mechanical affected
zone (AS-TMAZ) and retreating side thermo-
mechanical affected (RS-TMAZ). In the welding
process, the pin tool rotates counterclockwise. One
side of the weld in the direction of the advancing
tool pin is the advancing side. The opposite side is
the retreating side. As seen in Figure 4, since the
relative velocity of the advancing side is higher than
the retreating side in the welding process, the shear
force induced by the advancing tool pin of the metal
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is higher in the welding process, so the boundary
between the weld zone on the AS-TMAZ is more
obvious than RS-TMAZ.

The grains morphology, size, and orientation
distribution of each region of the joint are
significant factors noticeably influencing the
mechanical properties of the joint. Therefore, EBSD
was carried out on each region of the joint to
analyze the microstructure evolution. Figures 5 and
6 show the grain orientation maps (OIMs) and grain
size distribution of each area of the FSW joint,

welding joints

determined by EBSD and analyzed by the Channel
5 software integrated into the ZEISS SUPRA™ 55
SEM. Due to the BM formed by extrusion and T4
heat treatment before welding, grains in BM are
stretched along the ED into fibers, as seen in
Figure 5(e). The grains preferred orientation in BM
is along the <110> direction, while a few grains are
oriented along the <001> direction. According to
calculations, the average grain size of the BM is
4.43 pum. Figure 5(b) shows that the equiaxed grain
structure in SZ replaces the original elongated grain
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in BM, with an average grain size of 2.15 pm. The
fine recrystallized microstructure is obtained due to
the broken grains and the high temperature in the
weld. Figures 5(a) and (c) show that equiaxed grains
can be found in the TMAZ, but the grain size is
larger than the SZ, because of the weaker stirring
effect in TMAZ. The average grain size of AS-
TMAZ and RS-TMAZ is 3.38 um and 4.47 pm,
respectively.

As is well known, the HAZ is generally the
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Figure 6 Grain size distribution of (a) AS-
TMAZ, (b) SZ, (c) RS-TMAZ, (d) HAZ and
(e) BM of the friction stir welding joints

weakest fracture location, so it is necessary to focus
on the analysis of the HAZ structure. The grain
morphology and grain orientation distribution of
HAZ is similar to BM, that is, the grains are still
elongated and the grain size of HAZ is similar to
BM. The direction of the optimal orientation is <110
>. This is because HAZ is far away from the weld,
and there is no significant plastic deformation. At
the same time, it is affected by the welding thermal
cycle, so the grains grow after heating. According to
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statistical analysis, the average grain size in the heat-
affected zone is 5.03 pum, which is 12% larger
compared with BM.

The preferred orientation of the grains in these
zones is further analyzed, and Figure 7 shows (111)
pole figures of the five zones in the FSW joints. The
{110} <112> component has a particularly strong
intensity of about 10.67 in BM and 10.59 in HAZ.
In RS-TMAZ, AS-TAMZ, and SZ, the texture
changes, and the intensity gradually decreases from
10.67 to 2.53 compared with BM. The reason is that
the probe rotation generates severe plastic
deformation in SZ and TMAZ, which can destroy
the texture of BM and make the texture rotate along
the ND axis.

SEM images of BM and HAZ and EDS results
of HAZ are shown in Figure 8. There are small
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secondary phases in the BM, while the secondary
phases in the HAZ are relatively coarse, with a
maximum size of about 10 um. The phase analysis
shows that coarse secondary phases have higher
copper content, which can be regarded as 6 (Al,Cu)
phases. Coarse 8 phases in HAZ are formed by over-
aging during heating of the matrix in the FSW
process.

3.3 Mechanical properties

The hardness of the welded joint is shown in
Figure 9, which gradually decreases from the BM
(HV147) to the HAZ and then increases in the SZ.

The variations in hardness on the left and right
sides of the weld zone are similar. The hardness of
SZ is higher than TMAZ because the grains in the
weld zone are transformed into equiaxed grains with

Half width: 10°
Cluster size: 5°

Exp. densities:
Min=0.23,
Max=2.53

Half width: 10°
Cluster size: 5°

Exp. densities:
Min=0,
Max=10.59
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Figure 7 (111) pole figures of (a) AS-TMAZ, (b) SZ, (¢) RS-TMAZ, (d) HAZ and (e) BM of friction stir welding joints
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Figure 8 SEM images of BM (a), HAZ (b) and EDS results of P1 (c) and P2 (d) locations of HAZ
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Figure 9 Microhardness along the friction stir welding
joint cross-section 1 mm and 2 mm from top surface

smaller size under thermal cycling and stirring,
which has a certain strengthening effect in this zone.
Moreover, the hardness of the RS-TMAZ is slightly
lower than that of the AS-TMAZ. The HAZ
becomes the weakest zone at HV112.3, which is
7 mm from the weld zone. This is due to over-aging
from thermal effects of repeated stirring.

Figure 10 shows the engineering strain — stress
curves and fracture location of the base material and
FSW samples measured at room temperature. The

BM

FSW

Engineering stress/MPa

100

0 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18

Engineering strain/%

Figure 10 Room temperature engineering strain vs stress
curves of BM and friction stir welding joints

YS and UTS values of the FSW sample are slightly
lower than BM. As seen in Figure 10, the welded
sample breaks at HAZ, which is consistent with the
lowest hardness and the largest grain size of HAZ.
Figure 11 shows the fracture surface of the BM
and FSW samples. All fracture surfaces are
composed of microporous aggregate fractures,
which signifies ductile fracture -characteristics.
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Figure 11 Fracture surfaces (a) before and (b) after
friction stir welding of powder metallurgy AA2024 alloy

Figure 11(a) indicates that many fine dimples can be
observed and no secondary phase particles can be
found in the BM sample. After the FSW process, the
secondary phase particles are found at the bottom of
some dimples of the FSW sample in Figure 11(b).
The average size of these dimples is less than 5 pm.
The secondary phase is the & phase by the over-
aging behavior of HAZ.

As reported in [35 = 37] for
polycrystalline materials, grain size strengthening,
the Orowan strengthening (including dispersion
strengthening and precipitation strengthening), and
solution strengthening jointly contribute to the
overall yield strength. In this paper, for the sake of
simplicity, the authors neglect the solution
strengthening for its minute effect. It can be inferred
that there are two main reasons for the reduction of
HAZ strength. First, the average grain size in the
HAZ increases. Second, the cyclic heating in the
HAZ leads to precipitated phases growth because of
over-aging in connection with the Orowan
strengthening. Consequently, the reduction in YS
can be calculated using the following equation:

Ao, ~AotAo,, 2)

articles

where Ag,,, is the YS reduction of HAZ relative to
BM, Acg is the contribution to the grain growth,

and Aog,, is the influence of over-aging. The effect
of grain size on the YS of metallic materials follows
the Hall-Petch relationship:

AO'Gs:k(dHAz_l/z_dBM_ 1/2) 3)

where k is the Hall-Petch coefficient, d,,,, and d,,
of HAZ and BM,
respectively. The average grain sizes, d,,,, and d,,
have been calculated from EBSD analysis, 5.03 um

are average grain sizes

and 4.43 pm, respectively. For wrought aluminum
alloy, k=0.04 MPa-m'” [38]. Plugging the values of
dyry duy, and k in Equation (3), one can get the
calculated value of Ao, as —1.2 MPa. The effect of
grain growth on the YS in HAZ is feeble.

During over-aging the microstructure evolves
with  precipitates  growth. The  associated
strengthening can be estimated using the Orowan
mechanism:

v

0 Or:M GbT (4)

where G is the shear modulus; b is the Burgers
vector; M is the Taylor factor; f is the volume
fraction of precipitated particles; and r» is their
average radius. As seen in Figure 8(a), the
secondary phases in base metal (BM) mainly consist
of the nanoscale " and §' phases [39], and a small
amount of the  phase (<5 pum). After welding, the
r of the secondary phases in the HAZ changes to
5-20 pm as seen in Figure 8(b). Accordingly, the
enhancement of 7 reflecting the precipitates growth
decreases the o, resulting in the YS reduction.
Regarding the influence of over-aging behavior in
the HAZ, it is difficult to carry out a quantitative
analysis. However, the Ag,, should be negative
(—42.8 MPa) because of the decreased strength of
the HAZ with the sharp Ac,, decrease of 44 MPa,
which is the difference in YS values measured by
tensile tests between BM and sample 9, as listed in
Table 2. Previous studies have demonstrated that the
grain growth in HAZ caused by heating during the
welding process of PM AA2024 alloy is not
obvious, and the reduction in strength is limited.
This is because PM aluminum has excellent thermal
stability due to the
nanoparticles in the matrix, which limits the growth
of crystal grains [3]. In this work, the main reason
for the decrease in welding performance is over-
aging. Table 2 compares the welding performance of

existence of alumina
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Table 2 Grain size, joint coefficient and elongation of PM AA2024, DC 2024 and 2014

Sample Grain size of BM/pm  Grain size of HAZ/pum Joint coefficient/%  Elongation/% Reference
PM 2024-T4 (FSW) 4.43 5.04 85 9.5 This work
DC 2024-T8 (FSW) — — 72 2.5 [40]
DC 2014-T6 (FSW) 20 50 73 5.0 [41]
DC 2024-T3 (FSW) — — 75 4.1 [42]

PM AA2024 and direct casting (DC) 2024. The
welding performance of PM AA2024 is better than
DC 2024 under the same conditions.

4 Conclusions

In this paper, the optimal welding parameters
of PM AA2024-T4 plates were obtained, and the
microstructure, mechanical properties, and fracture
characteristics of FSW joints under the optimal
welding  parameters investigated.  The
conclusions are as follows:

1) The FSW joint of PM AA2024-T4 plate
exhibits excellent mechanical properties with the
UTS of 415 MPa (85% of the BM strength) and
9.5% elongation after 2000 r/min rotation speed and
100 mm/min traverse

WEre

speed. Tensile fracture
appears in HAZ.

2) The average grain size of the SZ, BM, and
HAZ is 2.15 pum, 443 pm, and 5.03 pm,
respectively. The grains of the BM and HAZ are
preferentially oriented along the <110> direction,
and a few grains are distributed along the <001>
direction. There is no obvious preferred orientation
in the TMAZ and SZ.

3) The hardness of the BM is HV147 and the
hardness of the FSW joint gradually decreases from
BM to HAZ. The lowest value of hardness is about
HV112.3, which appears near HAZ.

4) The over-aging behavior caused by repeated
heating in HAZ during the welding process is the
main reason for the strength decrease of the PM
AA2024 after FSW.
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