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Abstract: The precipitation-hardenable aluminum alloy 6061 (AA 6061) is favored for aerospace
components and automotive parts. However, the tenacious oxide layer on the surface greatly limits
the quality and applicability of joining AA 6061. In this study, the joining method of solid-state
diffusion bonding was implemented for AA 6061 plates, and the effects of post-weld heat treatment
(PWHT) on the joint interface were investigated. The bonding temperatures were within the range
of 500-530 °C, and the time periods varied from 30 to 240 min under a static pressure of 5 MPa
in a vacuum. The diffusion bonded specimens were subjected to T4- and T6-PWHT to improve
the bonding quality. The interfacial microstructure of the joints was analyzed by scanning electron
microscopy, and the mechanical properties were evaluated with shear tests. The experimental results
showed that the shear strength of the diffusion bonded joint could reach around 71.2 MPa, which
was highly dependent on bonding temperature and holding time, and T6-PWHT further enhanced
it to over 100 MPa. The effects of PWHT on the diffusion bonded AA 6061 joint were investigated,
and the fractography on the sheared surfaces indicated that PWHT-T6 played an important role in
enhancing joint strength, which was consistent with the measured shear strength. The sequential
PWHT for AA 6061 after diffusion bonding was proven to be feasible for bonding of AA 6061 parts,
and the joint strength was sufficient for industrial needs.

Keywords: aluminum alloy 6061; diffusion bonding; post-weld heat treatment; fractography

1. Introduction

Aluminum alloys have been widely used in engineering structures in the automotive
and aerospace industries due to their unique physical properties, such as low density,
high specific strength, good formability, and excellent corrosion resistance. To allow the
utilization of aluminum alloys in these machinery manufacturing industries, the joining
method is a major concern in the provision of complex structures for a wide variety of
applications. Traditionally, welding technologies such as laser beam welding (LBW) [1],
tungsten inert gas welding (TIGW) [2—4], and friction stir welding (FSW) [5,6] have been
adopted for a wide range of Al alloy joint structures. However, the application of welding
to aluminum alloy is not favored because the process involves melting the base material,
which causes residual stress from the shrinkage of solidifying material and the heat affected
zone (HAZ), which eventually degrades the joint strength. Brazing is considered as an
alternative to welding because of the lower brazing temperature [7-9]. The higher tolerance
of the process parameter window in brazing comes with the advantage of cost-effectiveness
for mass production. However, common filler metals, such as BAISi-4 and Al-12Si alloys,
exhibit high brazing temperatures (above 566 °C) that are close to or above the melting
points of some aluminum alloys [10,11], leading to the risk of joint degradation. Some low-
temperature filler metals and the transient liquid phase (TLP) bonding technique have been
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adopted to address this issue [12,13], and bonding materials such as Cu, Ag, and Mg, which
are melting point depressants that form eutectics or intermetallic compounds (IMCs) with
Al alloy, have been developed to avoid the risk of melting the base material. For example,
silver and copper-based filler metal [14] and Cu or Ag foils as interlayers [12,13,15,16] that
form Al-Cu or Al-Ag IMCs at the interface have been utilized to provide sound interfaces.
However, research showed that the failure and breakage of the joint usually initiated in the
IMC phase and led to deterioration of the joint strength due to embrittlement [14,17].

Based on the difficulties encountered, solid-state diffusion bonding has become an
attractive technique due to the ease and the good quality that can be achieved with similar
and dissimilar materials [18-20]. The major difference between diffusion bonding and other
conventional joining methods is that it allows lower bonding temperatures. Two nominal
surfaces of the base material are directly bonded under external pressure for specific bond-
ing times. This approach avoids heat effects and the formation of IMCs while maintaining
satisfactory bond strength without significant deformation [21,22]. Diffusion bonding of
aluminum alloys is thus greatly influenced by bonding conditions such as temperature,
external pressure, suppression, holding time, and surface roughness [22,23]. Saleh [24]
performed 1 h diffusion bonding of 2014 aluminum alloy with copper interlayer at 475 °C,
under a pressure of 4 MPa. The best bonding tensile strength was 188.36 MPa. However, a
1.9 pm thick Al,Cu intermetallic compound was formed on the interface. The formation
of brittle intermetallic at the interface may cause the toughness of the joint to decrease.
The main difficulty in the diffusion bonding of aluminum alloys is their readily oxidized
nature. The adherent oxidation layer on the surface continues to be a challenge for diffusion
bonding of aluminum alloys because it prevents close contact of the base material and acts
as a diffusion barrier, impeding atomic interdiffusion and resulting in poor metallurgical
bonds [23]. Surface treatments of aluminum substrates such as wiping with acetone or
immersion in dilute sodium hydroxide [25] have been proposed to remove or disrupt the
continuous oxide layer so that metallic bonds can be created in localized areas; however,
the pre-treatment process of the sample surface limits the applicability of this approach.
Chen et al. [26] used a 1 keV argon ion beam cleaning for 120 min to remove the oxide
on aluminum during the low-temperature diffusion bonding of pure aluminum. The best
tensile strength of 62.3 MPa can be obtained bonded at 350 °C for 3 h under the pressure of
10 MPa. In order to overcome the problem of the oxide on aluminum, Zinong et al. [27]
used a large deformation hot roll joining method to join 1060 aluminum alloy at a high
temperature of 550-600 °C. The bonding strength of about 83-114 MPa was obtained.

Heat treatment, on the other hand, is widely applied to aluminum alloys so as to
obtain desirable mechanical properties by means of optimizing the metallurgical microstruc-
ture [28]. The strengthening processes of various kinds of binary or ternary system alu-
minum alloys, which primarily contain Mg, Cu, Si, and Zn [29], usually involve the
formation of a supersaturated solid solution by heating the material within a certain range
(solution heat treating) and subsequent quenching, followed by age hardening treatment to
form intermetallic precipitates in the matrix [30]. These aluminum alloys are precipitation-
strengthened due to the obstruction of the movement of dislocations during deformation
by coherent clusters within the matrix.

The present paper focuses on diffusion bonding of commercial AA6061, which is
precipitation-strengthened by Al-Mg-Si IMCs, and the joint is further strengthened by
the post-weld heat treatment based on the temper grades of T4 and T6 [28], which were
originally implemented for the purpose of strengthening the base material. The purpose of
this paper is to evaluate the feasibility of diffusion bonding of AA 6061 to form large area
joints for various engineering configurations, and the effects of PWHT on the diffusion
bonded AA 6061 joints were investigated. The joints of AA 6061 plates were formed by
solid-state diffusion bonding, and the joint strength was evaluated by shear test. Bonding
parameters are suggested in this study, and the effects of PWHT with temper grades of T4
and T6 (T4- and T6-PWHT) on the mechanical properties of the joints were correlated with
the morphology of the fracture surfaces after shear tests.
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2. Experimental

The base material used in this study was rolled 6061 aluminum alloy plate with T6
heat treatment. The plate was cut into samples measuring 50 mm x 10 mm x 3 mm for
diffusion bonding. The chemical composition of AA 6061 is provided in Table 1. Prior to
bonding, the sample surfaces were ground flat with 1200# to 2000# silicon carbide papers
and immersed in an acetone bath in an ultrasonic cleaner to eliminate surface contaminants.
The polished specimens were stacked in a lap configuration with an overlap distance of
approximately 5 mm. Increasing the temperature increases the diffusion rate. According to
the study of Summers et al. [31], the yield strength of AA6061 is less than 10 MPa when the
temperature is above 550 °C. It is necessary to have a high temperature for diffusion and
without macroscopic plastic deformation of AA6061 during the diffusion bonding process.
Thus, the temperatures used for diffusion bonding are between 500 and 530 °C. To form
the metallurgical bonds, the stacked AA6061 specimens were diffusion bonded under a
static pressure of 5 MPa and vacuum of 102 torr in a vacuum hot press furnace (Zhenhua
Electric Heating Industry Co., Ltd., Guangdong, China). The specimens were heated at
40 °C/min to final temperature ranges of 500-530 °C and held for various time periods for
identification of suitable process parameters. A schematic diagram of the dimensions of
the bonded specimens is provided in Figure 1. After the bonding process, the lap-bonded
samples were subjected to shear loads on the two ends of the specimen, known as a
single-lap shear (SLS) test, to measure the joint strength with a tensile testing machine
(Shimadzu AG-10TE.) at room temperature. Three measurements of joint shear strength
were performed for each diffusion bonding condition and the average was calculated. In
addition, the specimens bonded at 500 and 530 °C were post-weld heat treated with the T4
and T6 temper grades to enhance the joint strength. Note that the T4 and T6 tempering
treatments were based on the dimensions of the sample (AA6061 sample plate) [28], in
which the heat treatment parameters were as follows: first, solution heat treatment at
530 °C for 1 h, then removal from the furnace for water quenching at room temperature
(T4), and finally artificial aging at 160 °C for 18 h (T6). The AA6061/AA6061 joints were
cross-sectioned and the interfacial microstructures were observed by a field-emission
scanning electron microscope scanning electron microscopy (FE-SEM, J[SM-7800F) coupled
to an energy-dispersive X-ray spectroscopy (EDX). The composition of the interface was
analyzed with EDX. Moreover, the fractography of the fractured surfaces after shear tests
was also observed by SEM and the fracture mechanisms were analyzed.

Table 1. Chemical composition of AA 6061 aluminum alloy (wt.%).

Al Mg Si Cu Cr Mn
Bal. 1.10 0.61 0.25 0.12 0.01

| 50 mm

F

-
? m%/ AA 6Bl ¢ AA 6061

/  3mm

5 mm

Figure 1. Schematic diagram of the geometry and dimensions of the diffusion bonded specimens
subjected to SLS tests.
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3. Results and Discussion
3.1. Interfacial Microstructure and Mechanical Properties of the Fabricated AA 6061 Joints

Diffusion bonding is a process that involves atomic interdiffusion at the faying surface,
and the weldability is highly dependent on the process temperature and time [22]. In the case
of AA 6061 joints, since this process is categorized as bonding between similar metals, the
interface is expected to be free of brittle IMCs. The interfacial microstructures of the fabricated
AA 6061 joints after diffusion bonding at 500-530 °C for various bonding times are presented
in Figures 2-5, and the relation between bonding temperature and average bonding shear
strength of AA 6061 joints for corresponding bonding times is shown in Figure 6.

(b)

Interfacial voids Interfacial voids

Bonding 3 : Bonéh'ng
interface =i ~ ~interface

—

Intérfacial voids

" Bonding:
interface

Figure 2. Microstructures of AA6061/ AA6061 bonding interfaces after diffusion bonding at (a) 500 °C,
(b) 510 °C, (c) 520 °C, and (d) 530 °C for 30 min.

As shown in Figure 2, the matrix of the AA 6061 aluminum alloy had light-colored in-
termetallic precipitations dispersed within it. The IMCs were rich in iron (10.13-11.87 at.%)
and silicone (6.84-7.75 at.%) and also contained manganese and chromium, so they were
identified as (Fe, Mn, Cr)3SiAl;, phase [32]. Figure 2 shows the joint microstructure corre-
sponding to the bonding temperature range of 500-530 °C under a constant bonding time of
30 min. The original bonding interface for each sample condition, if clearly visible, is identi-
fied by white arrows. For crack-free interfaces, the approximate joint interface is indicated
by dotted lines. Under a static bonding pressure of 5 MPa and a holding time of 30 min, the
oxide film of aluminum was torn by deformation and fractured in the localized area, which
provided direct metal-to-metal contact to allow atomic diffusion. As shown in Figure 2a—c,
although some interfacial voids still existed at the interface of the AA6061/AA6061 joints in
the samples bonded at 500-520 °C, no IMC layer formed, and the bonded areas were more
than 80%. This implies that the bonding time of 30 min and temperature of 500-520 °C
allowed the second stage of diffusion bonding [22]. Further increasing the bonding tem-
perature to 530 °C with sufficient heat, as shown in Figure 2d, obviously promoted the
atomic interdiffusion, as few interfacial voids or cracks were observed at the interface. The
results indicated that elevating the bonding temperature increased the bonded area. In
addition, prolonging the bonding time to 60, 120, and 240 min exhibited similar results;
given sufficient time, diffusion led to void shrinkage and crack reduction. As shown in
Figures 3-5, the joint interfaces were difficult to distinguish because of the similarity in
composition of the base metal and the high-quality metallurgical bonding.
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Figure 3. Microstructures of AA6061/AA6061 bonding interfaces after diffusion bonding at (a) 500 °C,
(b) 510 °C, (c) 520 °C, and (d) 530 °C for 60 min.

Bonding Bonding
interface interface
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Bonding Bonding
interface interface
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Figure 4. Microstructures of AA6061/AA6061 bonding interfaces after diffusion bonding at (a) 500 °C,
(b) 510 °C, (c¢) 520 °C, and (d) 530 °C for 120 min.

The joint shear strengths measured by the SLS test are shown in Figure 6. Compared
with brazing using Al-Si—Cu filler [11] or adhesive bonding [25,33], diffusion bonding of
6061 aluminum alloy has higher bonding shear strength. The joint strength with diffu-
sion bonding was strongly dependent on two factors. One was the increasing bonding
temperature, which promoted the atomic interdiffusion. With a short bonding time of
30 min and bonding temperature of 500 °C, the average joint strength could only reach
around 42.7 MPa, possibly due to the cracks and voids at the interface. Further elevating
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the bonding temperature to 510-530 °C while maintaining the same bonding time of 30 min
enhanced the average joint strength to around 59.2-65.7 MPa, indicating that increasing
the bonding temperature contributed considerably to the joint strength. Another factor
that greatly affected the joint strength was the bonding time. At the bonding temperature
of 500 °C, prolonging the bonding time to 60, 120, and 240 min enhanced the average
joint shear strength to 61.5-70.3 MPa. However, at bonding temperatures of 510-530 °C,
increasing the bonding time led to fluctuations in joint strength, in contrast to the increas-
ing trend of bonding at 500 °C. The slight increase in average bonding shear strength
at 510 °C is attributed to the higher bonding temperature due to the enhanced atomic
diffusion. However, it seems that at bonding temperatures of 520-530 °C, the average
joint shear strength could only reach around 60.0-66.7 MPa, despite the increased bonding
time. The highest joint shear strengths were 89.15, 83.21, 79.66, and 80.33 MPa at bonding
temperatures of 500, 510, 520, and 530 °C for 240 min, respectively. These results may
be explained by considering the elevated bonding temperature, since it was close to the
melting point of the base material. During the bonding process, grain growth is rather
severe; thus, softening of the base material is likely to occur. The base materials applied in
this study were identical, and no interlayer was implemented between the faying surfaces.
Thus, mutual diffusion was the dominant mechanism and no IMC phase layer existed. This
indicated that the results should be similar to those of the solid solution type of diffusion
bonding [22], in which thermally activated mutual diffusion and softening of the base
metal have a combined effect on the joint strength. The elevated bonding temperature
enhanced the joint strength; however, it also led to softening of the base material and a
resultant decrease in joint strength.

Bonding

- Beriding
intérface

mterface

Bonding
_interface s
; - interface

20 pm

Figure 5. Microstructures of AA6061/ AA6061 bonding interfaces after diffusion bonding at (a) 500 °C,
(b) 510 °C, (c) 520 °C, and (d) 530 °C for 240 min.

To sum up, two influencing factors, namely, elevated bonding temperature and pro-
longed bonding time, both contributed to the fluctuation of the bonding strength of the dif-
fusion bonded AA6061/AA6061 joints, yielding an ultimate bonding strength of 71.2 MPa.
This strength is higher than that of NaOH surface-treated adhesive bonding (21.7 MPa) [25]
and gas metal arc welded AA6061 lap-bonded joints (53.3 MPa) [34], but lower than that of
Ag-28Cu brazed joints (around 150-160 MPa) [14,16]. This result indicates that the joint
strength obtained by the diffusion bonding method is ideal and can be expected to provide
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better joint reliability because the interface is free of defects and brittle IMC phase; in fact,
most of the joint fractures reported for bonding with TLP and brazing were located in the
IMC phase [17].

100
o0 L —e— 30 min
—A— 60 min
g0 [ —— 120 min
—&— 240 min
S X ref[11]
2 60 [
=
on
= 50 F
2
g 40 |
2 X ref[33]
w30 f
20 | X ref.[25]
10 f
o b o oo
490 500 510 520 530

Bonding temperature (°C)

Figure 6. Bonding strengths of AA6061/AA6061 joints diffusion bonded at 500-530 °C for
30-240 min [11,25,33].

Furthermore, the surface morphologies of the shear-fractured samples diffusion
bonded at 500-530 °C for 240 min are shown in Figure 7. The fractography of the sample
bonded at 500 °C, shown in Figure 7a, featured a flat fracture surface with a mixture of
voids and dimple-like fractures (black arrows) in some areas. The voids and the flat fracture
surfaces indicated a fast failure region and thus a weak bond [18], but the dimple-like mor-
phology indicated locations where local asperities yielded and strong metallic bonds were
formed in the localized area [23]. Further increasing the bonding temperature revealed an
increase in the number of dimpled areas distributed on the fracture surface (Figure 7b—d),
and the voids were diminished. As shown in Figure 7d, the fractography of the sample
bonded at 530 °C revealed a noticeable increase in the area of the elongated and equiaxed
dimples (3-5 pm) on the fracture surface, implying the high plasticity of the material and
strong metallurgical bonds. Based on the above results, the measured bonding strength
could not provide sufficient evidence of the successful bonds in AA6061/AA6061 joints
achieved by the diffusion bonding method because it was greatly affected by the high
bonding temperature. However, the fractography analysis clearly suggested that increasing
the bonding temperature could significantly promote the joint strength.

3.2. Effect of PWHT on Diffusion Bonded AA6061 Joints

AA6061 is an age-hardenable alloy, and its mechanical properties can be improved by
heat treatment. Conventionally, T6, the most widely applied temper grade, includes solu-
tion heat treatment followed by quenching and age hardening to improve the mechanical
properties and weldability of AA6061 [28]. PWHT has also been utilized to improve the
joint strengths of AA6061 after bonding to compensate for the thermal effects of various
welding processes on the weld metal or bonding interface. Several studies have reported
that T6-PWHT can also improve the joint properties of the weld metal in the TIGW pro-
cess [4,34] and the interfacial structure of ultrasonic additive manufacturing by changing
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the metallurgical structure [35]. However, the effect of PWHT on diffusion bonded AA6061
joints has not been reported yet.

Shear
direction

Figure 7. Fractography of the fracture surfaces of AA6061 joints diffusion bonded for 240 min at
temperatures of (a) 500 °C, (b) 510 °C, (c) 520 °C, and (d) 530 °C.

Thus, to evaluate whether PWHT could increase the joint strength, samples bonded
at extreme conditions of 500 and 530 °C for 240 min were subjected to T4- and T6-PWHT,
respectively. The interfacial microstructures after the treatment are shown in Figure 8, and
the corresponding bonding strengths are presented in Figure 9. Since the diffusion bonding
used temperatures are close to the AA6061 solid solution temperature, it should be difficult
to form second phase particle at the bonding interface. T6 heat treatment was carried out
after diffusion bonding, and the precipitation strengthening phase formed in the base metal
and the interface, which increased the bonding strength. As shown in Figure 8b,d, the
precipitates in the matrix of the base metal were very fine, indicating possible enhancement
of the tensile strength of the base metal due to precipitation hardening [36]. However, the
interface of the T4-tempered AA6061 joints exhibited some cracks at the edge of the joints
and into the interior of the joint, as indicated by the black arrows in Figure 8a,c. In contrast,
far fewer cracks developed in the samples subjected to T6-PWHT, and the interior of the
joint was free of flaws (Figure 8b,d). Note that these cracks formed after T4-PWHT and
not the original diffusion bonding process. Thus, the presence of the cracks was associated
with the PWHT as this stage involved heating the AA6061 joint to 530 °C and holding it at
that temperature for 1 h before subsequent quenching in room-temperature water (T4). The
thermal shock of quenching could have led to sudden shrinkage of the two bonded AA6061
plates, and heavy mechanical loads generated by differential expansion could have acted at
the periphery of the joint, which was the stress concentration area. The bonding strengths
measured by SLS test shown in Figure 9 indicated that the presence of these cracks led
to a significant decrease in joint strength. On the other hand, the T6-PWHT reduced the
occurrence of interfacial cracking, providing a noticeable increase (about 40-50%) in joint
strength. This increase is highly related to the T6 tempering treatment, for this PWHT
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led to elimination of the interfacial cracks through atomic interdiffusion during the aging
process and further enhancement of the base materials due to precipitation hardening.

(b)
500 °C o
To-tempered - AA6061

(a)

500°C AAG061
T4-tempered

: : Bond:ih
- AA6061. .
; = interface

1

Bonding
AA606] interface

(c) o

530 °C 7 AA6061
T4-tempered =  Bonding| T6-tempered
: ".interface'

X

Interfacial cracks

~ Bonding

Interfacial cracks . ;
- AA6061

~ AA6061 interface

- 200 pm
Figure 8. Microstructure of AA6061/AA6061 bonding interface after diffusion bonding at (a) 500 °C with T4-PWHT
(b) 500 °C with T6-PWHT, (c) 530 °C with T4-PWHT, and (d) 530 °C with T6-PWHT.

Furthermore, the fractography after SLS tests of the AA6061 joints bonded at 500 and
530 °C and tempered with T4- and T6-PWHT are shown in Figure 10. The fracture surfaces
of the T4-tempered AA6061 joints greatly resembled those of the samples diffusion bonded
at 500 °C for 240 min. The fractography exhibited flat surfaces mainly composed of shear
marks (white arrow) with some small dimples (black arrow). This indicated that, during
the SLS test, the T4-tempered joints experienced fast fracture and weak metallurgical bonds,
indicating low bonding strength. On the other hand, the fractography of the T6-tempered
joints in Figure 10b,d showed elongated and finer dimples (1-2 um) than those of AA6061
joints not tempered with T6-PWHT (Figure 7d). As compared with the non-PWHT samples,
the fine dimples were related mainly to the smaller grain size and finer precipitations in the
bonded region [37] as the artificial aging temperature (160 °C) of T6-PWHT was relatively
lower than that of the diffusion bonding temperature of 500-530 °C. This type of fracture
is indicative of plastic deformation and good bonding in the localized area, which is
consistent with the increased bonding strength after To-PWHT. These findings support the
above claim that T6-PWHT successfully enhanced the joint strength of diffusion bonded
AA6061 samples.
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Figure 9. Bonding strengths of AA6061 joints diffusion bonded at 500-530 °C for 30-240 min after
T4- and T6-PWHT.
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Figure 10. Fractography of AA6061 joints diffusion bonded at temperatures of (a) 500 °C with T4-PWHT, (b) 500 °C with
T6-PWHT, (c) 530 °C with T4-PWHT, and (d) 530 °C with T6-PWHT.
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In summary, our study shows that diffusion bonding of AA6061 for large area joint
applications is feasible, and the joint strength can be further enhanced with T6-PWHT.
Such a method should be important in bonding AA6061 structural components for two
reasons: it is cost effective due to the simple manufacturing process, and the joint strength
is sufficient for industrial needs.

4. Conclusions

This paper has presented the feasibility of solid-state diffusion bonding of AA 6061
joints and the effects of PWHT on the mechanical properties and fracture mechanisms of the
bonded AA 6061 specimens. The morphological analysis and the evolution tendency of the
corresponding joint strengths on the samples diffusion bonded under various bonding con-
ditions revealed that the two dominant factors were bonding temperature and holding time,
in close similarity to the solid solution type of diffusion bonding in metals. The average
bonding shear strength could reach 71.2 MPa at 510 °C for 240 min, which is comparable
to the strengths achieved by brazing or TLP bonding. The highest joint shear strengths
were 89.15 MPa at bonding temperature of 500 °C for 240 min. After T6 heat treatment,
the average bonding shear strengths of the AA6061 joint bonded at 500 and 530 °C for
240 min increased from 70.31 to 101.04 MPa and 64.41 to 105.11 MPa, respectively. The SEM
fractographs revealed morphological differences in the fracture surfaces of strong and weak
joints, in which elongated dimples were indications of excellent bonding. Furthermore,
PWHT of the diffusion bonded AA 6061 specimens enhanced the joint strengths by around
40-50%. This result can be mainly attributed to T6-PWHT as the favorable interdiffusion
condition provided by the artificial aging of T6 could eliminate the cracks that resulted
from the previous quenching process (T4), and the lower aging temperature also led to
a smaller grain size and finer precipitates within the AA 6061 material, as confirmed by
fractography analysis.

Author Contributions: Conceptualization, C.-H.C., Y.-K.S., Y.-C.L., S.-Y.C. and T.-H.C.; data curation,
Y.-K.S,, Y.-C.L. and S.-Y.C,; investigation, C.-H.C., Y.-K.S. and Y.-C.L.; methodology, Y.-K.S. and
T.-H.C.; writing—original draft, C.-H.C., Y.-K.S. and T.-H.C.; writing—review and editing, C.-H.C.,
S.-Y.C. and T.-H.C. All authors have read and agreed to the published version of the manuscript.

Funding: This study was sponsored by the industrial and academic cooperation program of Plus
Metal Tech., Co. LTD. and the Ministry of Science and Technology, Taiwan, under Grant No. MOST
109-2622-E-002-030.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  El-Batahgy, A.; Kutsuna, M. Laser Beam Welding of AA5052, AA5083, and AA6061 Aluminum Alloys. Adv. Mater. Sci. Eng. 2009,
2009, 974182. [CrossRef]

2. Wang, H,; Liu, X;; Liu, L. Research on laser-TIG hybrid welding of 6061-T6 aluminum alloys joint and post heat treatment. Metals
(Basel) 2020, 10, 130. [CrossRef]

3. Kumar, T.S.; Balasubramanian, V.; Sanavullah, M. Influences of pulsed current tungsten inert gas welding parameters on the
tensile properties of AA 6061 aluminium alloy. Mater. Des. 2006, 28, 2080-2092. [CrossRef]

4.  Haryadi, G.D.; Dewa, R.T.; Ekaputra, LM.W.; Suprihanto, A. Investigation of post-weld heat treatment (T6) and welding
orientation on the strength of TIG-welded AL6061. Open Eng. 2020, 10, 753-761. [CrossRef]

5. Almohaisen, A.M.N.; Hassan, K.S. Improving the Mechanical Properties of Aluminum Alloys 6061-T6 Friction Stir Welding Joints
Using Ultrasonic Peening. IOP Conf. Ser. Mater. Sci. Eng. 2020, 881, 012093. [CrossRef]

6. Helal, Y,; Boumerzoug, Z.; Fellah, L. Microstructural evolution and mechanical properties of dissimilar friction stir lap welding
aluminum alloy 6061-T6 to ultra low carbon steel. Energy Procedia 2019, 157, 208-215. [CrossRef]

7.  Dai, W.; Xue, S.-B.; Ji, E; Lou, J.; Sun, B.; Wang, S.-Q. Brazing 6061 aluminum alloy with Al-Si-Zn filler metals containing Sr. Int. ].

Miner. Metall. Mater. 2013, 20, 365-370. [CrossRef]


http://doi.org/10.1155/2009/974182
http://doi.org/10.3390/met10010130
http://doi.org/10.1016/j.matdes.2006.05.027
http://doi.org/10.1515/eng-2020-0084
http://doi.org/10.1088/1757-899X/881/1/012093
http://doi.org/10.1016/j.egypro.2018.11.182
http://doi.org/10.1007/s12613-013-0736-1

Appl. Sci. 2021, 11, 9660 12 of 12

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

Dai, W.; Xue, S.; Lou, J.; Wang, S. Microstructure and properties of 6061 aluminum alloy brazing joint with AlSiZn filler metal.
Mater. Trans. 2012, 53, 1638-1643. [CrossRef]

Tsao, L.C.; Tsai, T.C.; Wu, C.S.; Chuang, T.H. Brazeability of the 6061-T6 aluminum alloy with Al-Si-20Cu-based filler metals.
J. Mater. Eng. Perform. 2001, 10, 705-709. [CrossRef]

Eivani, A.R.; Ahmadian, M.; Vafaeenezhad, H. Effect of process conditions on the evolution of microstructure and mechanical
properties of AA3003 vacuum furnace brazing joints. Mater. Res. Express 2020, 7, 016561. [CrossRef]

Chang, S.; Tsao, L.; Li, T.; Chuang, T. Joining 6061 aluminum alloy with Al-Si—Cu filler metals. J. Alloys Compd. 2009, 488, 174-180.
[CrossRef]

Schillibaum, J.; Burbach, T.; Miinch, C.; Weiler, W.; Wahlen, A. Transient liquid phase bonding of AA 6082 aluminium alloy:
Transientes Fliissigphasenfiigen der Aluminiumlegierung AA 6082. Materwiss. Werksttech. 2015, 46, 704-712. [CrossRef]

Wang, X.G.; Li, X.G.; Wang, C.G. Transient liquid phase bonding of aluminium alloy using two-step heating process. Sci. Technol.
Weld. Join. 2012, 17, 414-418. [CrossRef]

Lee, Y.S.; Lim, C.H.; Seo, K,; Shin, S.Y.; Lee, C.H. Diffusion Bonding of Al 6061 Alloys Using an Eutectic Reaction of Al-Ag-Cu.
Key Eng. Mater. 2005, 297-300, 2772-2777. [CrossRef]

Gale, W.E; Butts, D.A. Transient liquid phase bonding. Sci. Technol. Weld. Join. 2004, 9, 283-300. [CrossRef]

Lee, Y.S.; Lee, C.; Lim, C.H.; Cho, D.C.; Shin, S.Y. Fluxless Brazing of Al6061 Alloys Using Ag-28Cu Insert. Mater. Sci. Forum 2005,
486-487,173-176. [CrossRef]

Shin, S.Y.; Ko, M.W.; Cho, D.C.; Lee, C.H,; Shin, K.S,; Park, K. Microstructure and mechanical properties of Al 6061 joints diffusion
brazed using Cu interlayer. J. Mater. Sci. Lett. 2002, 21, 903-906. [CrossRef]

Wu, F; Zhou, W.; Han, Y,; Fu, X,; Xu, Y.; Hou, H. Effect of alloying elements gradient on solid-state diffusion bonding between
aerospace aluminum alloys. Materials 2018, 11, 1446. [CrossRef]

Zhang, J.; Luo, G.; Wang, Y.; Shen, Q.; Zhang, L. An investigation on diffusion bonding of aluminum and magnesium using a Ni
interlayer. Mater. Lett. 2012, 83, 189-191. [CrossRef]

Cooke, K.O.; Atieh, A.M. Current trends in dissimilar diffusion bonding of titanium alloys to stainless steels, aluminium and
magnesium. J. Manuf. Mater. Process. 2020, 4, 39. [CrossRef]

Derby, B.; Wallach, E.R. Theoretical model for diffusion bonding. Met. Sci. 1982, 16, 49-56. [CrossRef]

Kawakatsu, I.; Kitayama, S. Study on Diffusion Bonding of Metals. Trans. Jpn. Inst. Met. 1977, 18, 455-465. [CrossRef]

Zuruzi, A.; Li, H.; Dong, G. Effects of surface roughness on the diffusion bonding of Al alloy 6061 in air. Mater. Sci. Eng. A 1999,
270, 244-248. [CrossRef]

Saleh, A.A. Microstructure and strength of diffusion bonded 2014 AA alloys using copper interlayer. Open J. Appl. Sci. 2019, 9,
342-353. [CrossRef]

Saleema, N.; Sarkar, D.; Paynter, R.; Gallant, D.; Eskandarian, M. A simple surface treatment and characterization of AA 6061
aluminum alloy surface for adhesive bonding applications. Appl. Surf. Sci. 2012, 261, 742-748. [CrossRef]

Chen, H; Cao, J.; Tian, X,; Li, R;; Feng, ]. Low-temperature diffusion bonding of pure aluminum. Appl. Phys. A 2013, 113, 101-104.
[CrossRef]

Zinong, T; Bing, Z.; Jun, J.; Zhiqiang, L.; Jianguo, L. A study on the hot roll bonding of aluminum alloys. Procedia Manuf. 2020, 50,
56-62. [CrossRef]

ASM International. Heat Treating of Aluminum Alloys. In ASM Handbook; Totten, G.E., Ed.; ASM International: Materials Park,
OH, USA, 1991; pp. 841-879.

Davis, J.R. Light Metals and Alloys: Aluminum and Aluminum Alloys. In Alloying: Understanding the Basics; Davis, J.R., Ed.;
ASM International: Materials Park, OH, USA, 2001; pp. 351-416.

Vargel, C. Influence of alloy composition. Corros. Alum. 2020, 127-155. [CrossRef]

Summers, P.T.; Chen, Y,; Rippe, C.M.; Allen, B.; Mouritz, A.P.; Case, S.W.; Lattimer, B.Y. Overview of aluminum alloy mechanical
properties during and after fires. Fire Sci. Rev. 2015, 4, 3. [CrossRef]

Hatch, J.E. Microstructure of Alloys. In Aluminum: Properties and Physical Metallurgy; Hatch, ].E., Ed.; ASM International: Materials
Park, OH, USA, 1984; pp. 58-104. [CrossRef]

Abid, J.; Raza, H.; Akhtar, A.; Gohar, G.A.; Ullah, S.; Akram, M.; Raza, Y.; Bukhari, M.D. Effect of surface roughness on shear
strength of bonded joints of aluminum Al 6061 T6 substrate. VW Appl. Sci. 2020, 2, 87-91. [CrossRef]

Ahmad, R.; Bakar, M. A. Effect of a post-weld heat treatment on the mechanical and microstructure properties of AA6061 joints
welded by the gas metal arc welding cold metal transfer method. Mater. Des. 2011, 32, 5120-5126. [CrossRef]

Gussev, M.; Sridharan, N.; Norfolk, M.; Terrani, K.; Babu, S. Effect of post weld heat treatment on the 6061 aluminum alloy
produced by ultrasonic additive manufacturing. Mater. Sci. Eng. A 2017, 684, 606—616. [CrossRef]

Elangovan, K.; Balasubramanian, V. Influences of post-weld heat treatment on tensile properties of friction stir-welded AA6061
aluminum alloy joints. Mater. Charact. 2008, 59, 1168-1177. [CrossRef]

Hosoda, N.; Nakai, M.; Eto, T. The effect of microstructure on mechanical properties of forged 6061 aluminum alloy. In Pro-
ceedings of the 9th International Conference on Aluminium Alloys, Brisbane, Australia, 2-5 August 2004; Nie, J.F., Morton, A.].,
Muddle, B.C., Eds.; Institute of Materials Engineering Australasia Ltd.: Melbourne, Australia, 2004; pp. 1382-1387.


http://doi.org/10.2320/matertrans.M2012110
http://doi.org/10.1361/105994901770344584
http://doi.org/10.1088/2053-1591/ab66eb
http://doi.org/10.1016/j.jallcom.2009.08.056
http://doi.org/10.1002/mawe.201500402
http://doi.org/10.1179/1362171812Y.0000000026
http://doi.org/10.4028/www.scientific.net/KEM.297-300.2772
http://doi.org/10.1179/136217104225021724
http://doi.org/10.4028/www.scientific.net/MSF.486-487.173
http://doi.org/10.1023/A:1016092818067
http://doi.org/10.3390/ma11081446
http://doi.org/10.1016/j.matlet.2012.06.014
http://doi.org/10.3390/jmmp4020039
http://doi.org/10.1179/030634582790427028
http://doi.org/10.2320/matertrans1960.18.455
http://doi.org/10.1016/S0921-5093(99)00188-4
http://doi.org/10.4236/ojapps.2019.95028
http://doi.org/10.1016/j.apsusc.2012.08.091
http://doi.org/10.1007/s00339-013-7860-7
http://doi.org/10.1016/j.promfg.2020.08.011
http://doi.org/10.1016/b978-0-08-099925-8.00012-0
http://doi.org/10.1186/s40038-015-0007-5
http://doi.org/10.1361/appm1984p058
http://doi.org/10.36297/vw.applsci.v2i2.38
http://doi.org/10.1016/j.matdes.2011.06.007
http://doi.org/10.1016/j.msea.2016.12.083
http://doi.org/10.1016/j.matchar.2007.09.006

	Introduction 
	Experimental 
	Results and Discussion 
	Interfacial Microstructure and Mechanical Properties of the Fabricated AA 6061 Joints 
	Effect of PWHT on Diffusion Bonded AA6061 Joints 

	Conclusions 
	References

