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Abstract: In this study, friction stir welding (FSW) was employed to join AA3003-H18 sheets by
incorporating in situ Al-Cu intermetallic compounds within the stir zone. The FSW process was
carried out under three distinct conditions: (I) without applying powder, (II) by introducing Cu
powder, and (III) by incorporating Cu-Al mixed powder (50 vol.% Cu, 50 vol.% Al). The powder was
embedded into the gap between two sheets. Subsequently, two-pass FSW, involving both forward and
backward movements, was conducted with a rotational speed of 1200 rpm and traverse speed of 100
mm/min across all three experimental conditions. In the second and third conditions, the formation
of in situ intermetallic compounds occurred through a solid-state reaction between Cu particles and
Al within the stir zone. Examination of the stir zone through optical and electron microscopic studies
revealed that the utilization of Cu-Al mixed powder resulted in finer and more uniformly distributed
Cu clusters and Al-Cu intermetallics than samples welded with Cu powder alone. Notably, the stir
zone of samples incorporating Cu-Al mixed powder exhibited finely dispersed, completely gray
Al-Cu intermetallic particles, whereas those with only Cu powder displayed predominantly coarse
core-shell particles in the microstructure. The introduction of Cu-Al mixed powder during FSW
resulted in a stir zone with an average hardness of 74 HB, showing a 14% increase compared to the
cases where Cu powder alone was added (65 HB). Tensile tests, conducted in both transverse and
longitudinal directions on the FSWed samples, did not exhibit a consistent trend across the three
mentioned conditions. Transverse tensile strength consistently ranged between 107 and 110 MPa, with
joint efficiency varying from 52% to 54%. However, the longitudinal tensile strength of the joint with
added Cu-Al mixed powder (158 MPa) surpassed those welded with Cu powder alone (134 MPa).

Keywords: friction stir welding; AA3003-H18; in situ intermetallic compounds; Cu-Al mixed powder;
joint efficiency

1. Introduction

Friction stir welding (FSW) is a solid-state technique used to join a variety of metallic
materials. The most common application of the FSW is to join heat-treatable with non-
heat-treatable Al alloys [1-3]. However, when applied to wrought non-heat-treatable Al
alloys, FSW encounters unique challenges. The welding process induces recovery and
dynamic recrystallization phenomena within the weld area, stemming from the heat input.
Subsequently, the mechanical properties of the FSWed joints experience substantial decline
in various zones, including the heat-affected zone (HAZ), thermomechanical-affected zone
(TMAZ), and stir zone (SZ) [4-8].

Non-heat-treatable Al alloys (e.g., 1xxx, 3xxx, 4xxx, and 5xxx Series Alloys) exhibit
limited responsiveness to heat treatment methods for improving the mechanical properties
of the weld area [9,10]. Various approaches have been explored to address this challenge,
with a primary focus on optimizing welding parameters such as tool rotational and traverse
speeds, tool design, plunge depth, and tilt angle [4,6,11]. Additionally, alternative tech-
niques, such as underwater FSW or water spray systems, have been employed to mitigate
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the loss of strength [12-15]. These interventions are predominantly employed to prevent
the softening effect within the HAZ of defect-free weld metal [3,16-19].

To fortify the stir zone, a novel and effective strategy has been developed, involving
the incorporation of reinforcement particles into the microstructure of non-heat-treatable
Al alloys [11]. Mirjavadi et al. [20] has successfully utilized TiO, nanoparticles in AA5083
FSWed joints to increase the tensile strength of the weld. Similarly, Srivastava et al. [21]
applied SiC nanoparticles during the FSW of AA5059, resulting in an ultimate tensile
strength of the joint reaching to 342 MPa, surpassing the base metal strength of 321 MPa.

Reinforcement particles can be the intermetallic compounds formed by the in situ
reaction between an aluminum matrix and metal powder [22]. This phenomenon was
predominantly observed during friction stir processing (FSP). FSP has gained widespread
application in the fabrication of Al matrix surface composites through the incorporation of
reinforcement particles. In a study by Khodabakhsh et al. [23], Al3Ti and MgO nanoparticles
were formed in situ within the Al matrix of AA5052 when FSP was conducted by using
TiO,. Moreover, investigations into FSP of Al alloys with Cu powder revealed the formation
of intermetallic compounds such as Al,Cu, Al,Cus, Al4Cuy, and AlCu [24-27].

The general applications of 3xxx series alloys include fuel tanks, chemical equipment,
containers, cabinets, freezer liners, pressure vessels, storage tanks, and vehicles such as
trucks and trailers [9], where the FSW process can be applied. In this study, the base mate-
rial chosen was the work-hardened AA3003-H18 alloy. The experimental setup involved
placing Cu powder and Cu-Al mixed powder in the gap between two sheets. The primary
objective was to conduct a comprehensive analysis of the microstructural features of the stir
zone and evaluate the mechanical properties of FSWed joints in both transverse and longitu-
dinal directions. The formation of the Al-Cu intermetallic compounds was examined using
different characterization techniques. Mechanical properties of the prepared specimens,
encompassing longitudinal and transverse tensile properties as well as microhardness,
were thoroughly investigated. Furthermore, the impact of intermetallic compounds on
both transverse and longitudinal tensile strength was elucidated.

2. Experimental Procedure

In this study, as-received AA3003-H18 (Al-Mn alloy) sheets with a nominal chemical
composition of Al-1.0Mn-0.35Fe-0.225i-0.06Cu (wt.%) were used as the base metal. Copper
powder with a particle size of <20 pm and a purity of >99.0% was used in the research.
Additionally, Al powder with a particle size of <44 pm and a purity of >99.0% was
incorporated to form a mixture of Al and Cu powder.

Friction stir welding of the sheets was conducted using a rotational tool made by H13
tool steel. The tool specifications included a shoulder diameter of 20 mm, a cylindrical pin
diameter of 5 mm, and a pin height of 2.8 mm. The tool tilt angle relative to the workpiece
surface was set at 2.5 degrees from the vertical axis during the weld process.

The FSW process was applied to samples with the dimension of 100 mmx 50 mmx 3 mm
under three specified conditions outlined in Table 1. In the case of samples II and III, a gap
was deliberately introduced between two sheets, and this was subsequently filled with Cu
and a mixture of Cu-Al powder, respectively. For all cases, FSW consisted of two passes,
with the second pass moving in the opposite direction of the first pass. Figure 1 provides a
schematic representation of the FSW process, illustrating the addition of powder into the
gap between two sheets.

To evaluate mechanical properties, both longitudinal and transverse tensile samples
were machined according to ASTM E8M [28] with a gauge length of 32 mm. In the
transverse tensile test specimens, indicated in Figure 2a, the stir zone was placed at the
center of the gauge length. On the other hand, in the longitudinal tensile test (Figure 2b),
samples were oriented parallel to the travel direction to ensure that the entire gauge
length was composed of stir zone (5Z) material. Furthermore, Vickers microhardness tests
were carried out along a transverse line across the cross-section of FSWed samples. The
microhardness at the centerline of the cross-section, positioned at a depth of 1.5 mm from
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the surface, was determined employing Vickers microhardness equipment under a load of
100 g for a duration of 15 s.

Table 1. FSW conditions with applying metallic powder.

Sample ops Rotational Speed Traverse Speed The Composition of the The Gap Size
FSW Condition . . between Two
No. (rpm) (mm/min) Powder Mixture
Sheets (mm)
I Without adding 1200 100 ) )
powder
il With adding Cu 1200 100 100% Cu 0.4
powder
I With adding Cu-Al 1200 100 50 vol.% Cu, 50 vol.% Al 0.4

mixed powder (77 wt.% Cu, 23 wt.% Al)

Shoulder

Refreating Side

Pin
Embedded /// Advancing Side
Powder

Figure 1. Schematic of FSW process with embedding powder.

The microstructural analysis of the stir zone in the FSWed samples was conducted on
the cross-section of the weld, perpendicular to the FSW direction, and observed by optical
microscopy (OM) after polishing. Additionally, the distribution of the compounds in this
region was examined using the backscattered electron (BSE) detector in scanning electron
microscopy (SEM). The identification of formed intermetallic compounds was carried out
using energy dispersive spectroscopy (EDS).
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Figure 2. Schematic of sampling location of (a) transverse and (b) longitudinal tensile tests.

3. Result and Discussion
3.1. Microstructure

Figure 3 shows the stir zone microstructure for the three conditions outlined in Table 1.
In the case of sample No. I, where no metal powder was used in the FSW process, the
microvoids (<2 um), attributed to the material stirring or material flow [29], were uniformly
observed in the stir zone, as shown in Figure 3a. The optical micrographs captured in
the second and third condition (sample II and III), are presented in Figure 3b,c, respec-
tively. These images reveal clusters of the Cu particles and formed Al-Cu intermetallic
compounds dispersed within the stir zone. It is evident that not all Cu powder transformed
into reinforced particles; some remained in its original Cu form. As seen in the optical
microscopy images, the particles exhibited distinct layers, a characteristic further discussed
with SEM-EDS results. The comparison of the stir zone microstructure of sample II and III
reveals a significant refined and more uniform distribution of particles after the introduc-
tion of Cu-Al mixed powder. The size distribution of Cu/Al-Cu intermetallic particles in
Figure 4 indicates that the predominant particle size range in sample II was between 10
and 20 pm, whereas a higher fraction of particles with sizes less than 10 pm was observed
in sample III. During FSW, the metal powder was compressed by the tool’s shoulder in
the gap between two sheets right before being stirred into the seam. Applying only Cu
powder led to the formation of a large Cu cluster due to the cold-welding mechanism. The
strong direct contact between particles induced cold welding under pressure, enlarging
the cluster size [30,31]. When mixed Cu and Al powder were used, the contact between
Cu particles was limited, because Cu particles were surrounded by Al particles. The incor-
poration of Cu-Al mixed powder effectively reduced cold welding between Cu powder
particles, prevented agglomeration, and inhibited the formation of large Cu clusters after the
FSW process.

In addition to ensuring uniform reinforcement dispersion, the effective formation of in
situ intermetallics significantly influences the mechanical properties of the stir zone. There-
fore, a comprehensive examination of the various compounds formed in the microstructure
due to the presence of Cu particles is essential. Figure 5a—c presents the SEM-BSE mi-
crographs of the stir zone in FSWed samples 1, II, and III, respectively. Consistent with
the optical micrographs, microvoids are evident in the sample without the addition of
metal powder, as shown in Figure 5a. Furthermore, Figure 5b,c reveals two distinct types
of particles within the microstructure of the stir zone in FSWed samples II and III. These
include the coarse core-shell structured particles and the fine, completely gray particles,
each exhibiting varying quantities within samples I and III. A comparison of Figure 5b and
c reveals a significant reduction in the proportion of unreacted Cu in the inner part of the
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core-shell structured particles when a mixture of Al and Cu powder is utilized. In sample
III, powder particles were clustered into smaller sizes within the stir zone, promoting
direct contact between a greater number of small-sized Cu particles and the Al matrix [32].
This clustering effect facilitates faster heat transfer to the core of the small clusters during
FSW, expediting the formation of intermetallic compounds. Another notable outcome
of employing Cu-Al mixed powder is the presence of fractured Al-Cu intermetallics, as

depicted in Figure 5c, contributing to a uniform distribution of in situ compounds within
the Al matrix.

Figure 3. Optical microscope images of the stir zone microstructure: (a) without adding powder,
(b) with adding Cu powder, (c) with adding Cu-Al mixed powder.

100
90
80
70
60
50
40
30
20
10

0

BWith adding Cu powder
='With adding Al-Cu mixed powder

Relative Frenquency (%)

<10 pm 10-20 pm >20 pm

Particles distributions in the stir zone

Figure 4. Size distribution of Cu/Al-Cu intermetallics particles in the stir zone microstructure of
FSWed samples produced using Cu powder vs. Cu-Al mixed powder.

In Figure 5d, elemental mapping conducted with EDS analysis reveals four distinct
types of Cu-containing compounds corresponding to those shown in Figure 5e. The
results indicate that each layer of the core-shell structured particles comprises a unique
stoichiometric composition, extending from the core to the Al matrix. The concentration
of elemental Al decreases from the Al matrix side to the core, while the concentration
distribution of elemental Cu exhibits the opposite trend. The observed color variations
between layers can be attributed to differences in atomic weight resulting from distinct
stoichiometric composition [27].

Referring to the Al-Cu binary alloy phase diagram presented in Figure 6, and consider-
ing the typical temperature range of the stir zone during FSW of Al alloys (<500 °C) [3], six
potential intermetallic phases can form in the Al-Cu system within the stir zone: Al,Cu (0),
AlCu (1), AlzCuy (&), Al,Cus (8), Al4Cug (1), and AlCuy (o) [22,32-34]. The formation
of any of these intermetallic phases primarily depends on the concentration of Cu/Al and
the dominant temperature within the stir zone [32]. By employing the EDS technique,
which provides semi-quantitative results, we made predictions regarding the compounds’
formation. The layers of the core-shell structured particles consist of unreacted Cu, Al;Cug
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(v1), and Al3Cuy (¢p), corresponding to zones A, B, and C in Figure 5e, respectively. Addi-
tionally, the finely dispersed, entirely gray particles in zone D exhibit an analysis consistent
with Al,Cu (). Notably, as the layer approaches the center of the core-shell structured
particles, the concentration of Cu in the intermetallic phase increases.
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Figure 5. BSE-SEM micrographs of the stir zone: (a) without adding powder, (b) with adding Cu
powder, (c) with adding Cu-Al mixed powder; (d) EDS results of the marked point A, B, C, and D in
(e) enlarged view of the rectangle in “c”.

Additionally, the increased darkness observed in the SEM image corresponds to a
higher concentration of Al within the layers. The well-defined bright region at the core
signifies unreacted Cu, predominantly observed in particles with diameters exceeding
10 pm. Throughout the FSW process, the Cu powder particles, experiencing intense heat
input and plastic deformation, undergo enrichment with Al atoms through interplanar
diffusion-interfacial migration effects. Consequently, this leads to the formation of distinct
layers with varying stoichiometric compositions [22,27].
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Figure 6. Phase diagram of Al-Cu binary alloy system. Reprinted with permission from ref. [33].
Copyright 2024 Elsevier.

3.2. Mechanical Properties

To assess the influence of utilizing both Cu powder and Cu-Al mixed powder on
the mechanical properties of the FSW samples, we conducted comprehensive evalua-
tions using microhardness measurements, as well as longitudinal and transverse tensile
tests. In Figure 7, the microhardness profile across various zones of three FSWed samples
is depicted. In the case of FSW of AA3003-H18 sheets without adding metal powder
(sample No. I), it is evident that the hardness in the weld area, including HAZ, TMAZ, and
SZ, is approximately 25% lower than that of the base metal. This reduction is attributed to
the activation of the softening mechanisms, including recrystallization and recovery in the
weld area [16,35]. The decrease in hardness in the weld zone of FSWed samples, compared
to the base metal, can primarily be ascribed to three factors: (1) the static recrystallization of
the HAZ induced by annealing, (2) dynamic recrystallization of the SZ resulting from hot
deformation, and (3) the dynamically recovered subgrain structure in the non-recrystallized
TMAZ [16].

In Figure 7, a noteworthy elevation in the average microhardness of the stir zone is
evident upon the incorporation of Cu powder and Cu-Al mixed powder. This increase
in hardness is attributed to the high hardness characteristics of the formed intermetallic
compounds within the matrix [26,36]. Specifically, the average hardness in the stir zone
measured 34, 65, and 74 HV for samples I, II, and III, respectively. In samples II and III, the
average hardness surpassed that of the base metal by approximately 38% and 57%, respec-
tively. The incorporation of Cu-Al mixed powder in the FSW process of AA3003-H18 sheets
led to a 14% higher average hardness in the stir zone, demonstrating reduced fluctuations
compared to cases where only Cu powder was employed. Microstructure characterization
revealed a more uniform distribution of particles and a higher fraction of intermetallics,
particularly Al-Cu in situ intermetallic compounds, when Cu-Al mixed powder was used.
In contrast, in sample Il where only Cu powder was employed, the majority of the coarse
core-shell structured particles consisted of unreacted Cu. This composition adversely
affected the hardness value and resulted in more significant fluctuations in hardness.
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Figure 7. Hardness distribution in the cross-section of the welded joint without and with adding powder.

The stress—strain curves presented in Figure 8 illustrate the results from both longi-
tudinal and transverse tensile tests conducted on samples No. I, II, and II. The results of
both longitudinal and transverse tensile tests, including ultimate tensile strength (UTS),
yield strength, and elongation have been provided in Table 2 for the three designated
samples. As shown in Figure 8, the transverse tensile properties samples—specifically UTS
and yield strength—exhibited remarkable similarity among the three samples, showing no
discernible variations. Figure 9 shows the fracture locations of the welded specimens after
the transverse tensile test. For all three studied samples, the failure location is located in
the HAZ region. Notably, the strength in transverse tensile tests for all three samples was
influenced by the HAZ, identified as the weakest region through hardness assessments.
As a result, the fractures in all transverse tensile test samples occurred within the HAZ.
Given the uniformity in the FSW process parameters for samples No. I, II, and II, and the
consequent equal heat input to the HAZ area across these specimens, similarities emerged
in microstructure evolution and mechanical properties within the HAZ. This uniformity
led to the attainment of identical transverse tensile properties among the samples. Despite
the attempts to enhance the transverse mechanical properties by introducing in situ Al-Cu
intermetallics in the stir zone, such interventions were found to be ineffective in improving
the overall performance of the FSWed samples. The longitudinal tensile test samples, ex-
tracted from the reinforced stir zone as shown in Figure 2b, indicated an evident increase in
strength when Cu powder and Cu-Al mixed powder were incorporated. In the longitudinal
tensile test of sample II, the UTS indicated an approximate 20% surge compared to sample I.
Furthermore, the introduction of Cu-Al mixed powder further enhanced the UTS, marking
a notable increase of around 42% relative to sample I. These longitudinal tensile test sam-
ples can be classified as aluminum matrix composite (AMC) reinforced by in situ Al-Cu
intermetallics. Prior research has successfully employed FSP to develop the surface AMC
with distributed Al-Cu intermetallics in various studies [22,32,37]. The Al-Cu intermetallic
particles distributed within the Al matrix can significantly contribute to strengthening
through the Orowan mechanism. Orowan strengthening arises from the impediment posed
by closely spaced hard particles to the movement of dislocations [22,38]. Furthermore,
a high density of dislocations is induced by the difference in coefficients of thermal ex-
pansion (CTE) between the matrix and reinforcing particles. This, in turn, restricts plastic
deformation, ultimately leading to a substantial improvement in strength [22].
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Figure 8. Stress—strain curves of the tensile test specimens. Solid lines represent longitudinal tensile
tests, while dashed lines represent transverse tensile tests. The base metal curve shows the tensile
strength of the AA3003-H18 without welding.

Table 2. Tensile strength, yield strength, and elongation of the welded joint without and with

adding powder.
. . Ultimate Tensile Strength Yield Strength Elongation
Tensile Properties (MPa) (MPa) (%)
Sample No. I II III I II III I II II1
Transverse Tensile test 110 107 109 73 75 76 18 14 15
Longitudinal Tensile test 111 134 158 71 85 85 13 14 15

Fracture location

Figure 9. Fracture locations after transverse tensile tests of the FSWed specimens: (a) without adding
powder, (b) with adding Cu powder, (c) with adding Cu-Al mixed powder.

As indicated in Table 2, the substitution of Cu-Al mixed powder with Cu powder
led to a notable increase of ~18% in UTS, elevating it from 134 MPa to 158 MPa. This
enhancement was attributed to the finer in situ Al-Cu intermetallic compounds and their
uniform distribution, characterized by their close proximity to each other. The reduction in
spacing between the reinforced particles within the matrix, achieved through a uniform
dispersion, played a crucial role in significantly amplifying the strengthening effect through
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Orowan mechanism [39]. This factor emerged as a key contributor to the superior strength
observed in metal matrix composites produced by FSP [23,40].

It is important to note that the impact of the uniform distribution of the in situ
intermetallic compounds was primarily evident in the longitudinal tensile strength. While
the incorporation of Cu or Cu-Al powder exhibited positive effects on longitudinal tensile
properties, it did not result in improvements in transverse tensile properties. From a
welding perspective, assessing joint efficiency becomes essential for a more comprehensive
evaluation of the effectiveness of adding metal powder. Joint efficiency in welding refers to
the ratio of the strength of a welded joint to the strength of the base material. Expressed as
a percentage, it serves as a metric for evaluating how effectively the welded joint can carry
load in comparison to the original, unwelded material [41]. In general, transverse tensile
strength is used to determine the joint efficiency of a weld [42,43]. Relative to the base
metal tensile strength (204 MPa), the joint efficiency of sample No. II and III was measured
at 52% to 54%, respectively. These values closely align with the joint efficiency observed
in sample I, which did not incorporate any metal powder. As previously mentioned, the
transverse tensile strength was influenced by the mechanical properties of HAZ, where
reinforcement particles were not embedded. To enhance the transverse tensile strength
and joint efficiency, implementing an efficient cooling system for the heat-affected zone
(HAZ) should be considered. Cooling of HAZ, recognized as the weakest area, has been
proved to be an effective technique for reducing the heat input during the FSW process,
and subsequently increasing the strength of this region. Various cooling methods, such
as water spray, compressed air, liquid nitrogen, Cu backing, or underwater FSW, can be
employed for this purpose [12,15,44-46].

4. Conclusions

The investigation into the friction stir welding (FSW) of AA3003-H18 sheets, incorpo-
rating Cu powder and Cu-Al mixed powder in both forward and backward passes, has
yielded significant insights. The key findings are outlined below:

- FSW with the addition of Cu-Al mixed powder led to a notably finer and more
uniformly distributed array of in situ Al-Cu intermetallic compounds, as compared to
joints welded by adding Cu powder alone.

- Two distinct particle types observed in the microstructure of FSWed samples using
metal powder: coarse core-shell particles and fine, completely gray particles, com-
prising AlysCug (v1), AlsCuy ((p), and Al,Cu (0). The use of Cu-Al mixed powder
promoted the formation of smaller clusters, reduced unreacted Cu, and induced the
presence of broken Al-Cu intermetallics, resulting in an improved distribution.

- FSW with the addition of Cu-Al mixed powder exhibited an average hardness value
of 74 HB in the stir zone, representing a 14% increase compared to joints welded with
Cu powder alone (65 HB). This enhanced hardness can be attributed to the formation
of high hardness intermetallic compounds within the matrix, initiating strengthening
mechanisms.

- The FSWed joints incorporating Cu powder and Cu-Al mixed powder demonstrated
superior longitudinal tensile strength compared to the samples without the addition
of metal powder. This improvement can be ascribed to the heightened strengthening
effect via the Orowan mechanism.

- While embedding Cu-Al mixed powder led to a higher longitudinal tensile strength
relative to joints with added Cu powder, the transverse tensile strengths in both
two conditions (adding Cu powder and Cu-Al mixed powder) were nearly identical,
indicating similar joint efficiency. These results closely aligned with cases where
welding was performed without the addition of metal powder.

In conclusion, the utilization of Cu-Al mixed powder in FSW of AA3003-H18 sheets has
proven to be a promising strategy for enhancing microstructural characteristics, hardness,
and tensile strength in the weld metal. These findings contribute valuable insights to the
optimization of FSW processes for Al alloys.
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