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Aluminum AA6061-T6 alloy has good strength and idely
used in mechanical engineering. In practice, a lsimjoint
using a fusion welding process can reduce streirgthe weld
metal, heat-affected zone, and base metal regidmes.purpose
of this study is to investigate the effect of mitif aging
temperature on the microstructure and mechanicalpprties
of the AAB061-T6 joints. Similar joints were pregadirusing
Tungsten Inert Gas (TIG) welding wiER 4043 filler metal
and argon gas as shielding. The microstructure ola®n
was performed using an optical microscope (OM).k¥lis
hardness, universal testing machine (UTM), and d¥peint
bending test were carried out to investigate thechmaical
properties of similar AA6061-T6 joints. The ressiiows that
the weld metal (WM) and heat-affected zone (HAZasuhave
finer grains than the base metal (BM). Introductidrartificial
aging with different temperatures promoted the rajtk
improvement compared to the as-welded AA6061. The
temperature of 155 °C showed higher hardness, asing by
more than 100% in the HAZ area. Furthermore, theximam
ultimate tensile strength of 201.4 MPa was obtaimtdan
artificial aging temperature of 185 °C. On the atli@and, the
bend test shows an acceptable condition at an iGsif
temperature of 155 °C at the root area. Based endhta, it
can be concluded that the artificial aging temparatstrongly
influences the microstructure evolution and mecteani
properties of welded AA6061-T6
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1. INTRODUCTION

Recently, welding technology has developed sigaifity and has been applied in various ferrous and
non-ferrous materials, such as metal active gasGM#elding applied to steel (Yana et al., 2025% MIG
method used to join Al 1100 (Bintoro et al., 20240d Al-Mg-Mn alloys have been successfully joineting
TIG (Alzahrani et al., 2025). Particularly, gas gaten arc welding (GTAW) or tungsten inert gas (JTie&lding
is widely used in the welding area. Its precisetmnof process parameters makes it a promisingirjgi
technique in varying aluminum alloys. The alumin#A1135 was successfully joined by GTAW with
different welding currents (140, 160, and 180 A)wihich a significant difference in hardness atltt#&Z and
weld metal was obtained (Suherman et al., 2023 Adat input also influences the hardness of th&42A
aluminum weld joint; the excessive value is detritaéto the hardness (Zhao et al., 2022). Furthezmibe
joining of the AA6061-T6 can also be done by usBiBAW, in which the full welding shows better meclah
properties than a single-pass process (Ji et@23)2 The TIG welding results are strongly influeddy their
process parameters. Al Kareem S.A. et al. propdkatl the welding currents (90, 95, and 100 A) are
significantly more influential than the other paeters (welding speed and gas flow) in the hardméss
AA6061-T6 weld metal, a different hardness is siblkerved in the HAZ area (Al Kareem et al., 2023)e
welding current within 120-160A was applied in joig the AA6061-T6 material, in which 160 A currearid
ER 5356 electrode resulted in higher hardness (W&#d)aand weld metal strength, but low strain (Azwis.
Syukran, 2021). It is believed that TIG weldingeof precise control and high-quality welds. Desfliese
advantages, the higher heat input from the GMAW@ss could promote grain coarsening and weldingctief
which finally reduce the strength (Riswanda et2024).The presence of defects and cracks was locatdub at t
fracture location in the weld metal (Xu et al., 3D2Grain coarsening can be formed due to high hgmit
during the welding process, which weakens the gtheaf the weld metal (Shafeek et al., 2024). Fentfore,
restoring the properties of weld metal can be dbrneugh the post-weld heat treatment (PWHT) process

The PWHT process such as artificial aging, hagptitential to be used to restore the microstrucamc
improve the mechanical strength of the weld me&blution treatment followed by artificial aging at
temperatures ranging from 150 to 250 °C increaseshtirdness of AA7075-T6 aluminium alloy, the highe
hardness 81,7 HV obtained by 250 °C and 22 h hgltimes, in which the increase in hardness cogeélatith
precipitate formation (Naafila et al., 2024). Thgng process was also applied in the AA6061-T6 wiging
temperature of 140, 160, and 180 °C, this processaonducted without solution treatment (Phan.eRape6).
This solution treatment plays an important rolethie grain growth and complete dissolution of th&40
aluminum alloy, the increase in solution tempemafuom 480 °C to 550 °C tend to increase the hasi{#hang
et al., 2025). Furthermore, the aging processifaigb precipitate formation and increases hard(iésang et
al., 2024). The precipitate-Al2Cu formed in the microstructure of the AA221lbg contributes to the strength
improvement, in which the precipitate was generated75 °C temperature for 12 h (Zhu et al., 2025
4xx.x aluminum type shows the strength improventierdugh artificial aging at temperatures of 190-2@0for
60-minute holding times (Edo Revianto & Susiana2 )0 The precipitates evolution in the AA6061-T6owl
with increasing temperature and holding times wii{ii60, 180, and 190) °C and (60, 10, and 5) hihgltimes
occurred, respectively (Polat et al., 2015). Tmeperature parameter at 180 °C significantly entahegdness,
with a maximum of 110.9 HV obtained for AISiMg alimam alloys (Andoko et al., 2020). Besides tempat
holding time also contributes to improved charastes. A holding time of 4 h and 155 °C enhandes t
hardness of Al-Si-Cu-Fe alloys as reported (Shieglak & Kuswandi, 2025). Artificial aging of 6063
Aluminum at 180 °C for 0.5 to 8 h was carried aluring which the hardness increased with increaksolding
time up to 8 h (Li et al., 2023). However, the gase of holding times potentially reduces the ressdrof
aluminum alloy, this phenomenon occurred at the @@%6alloys from 1 to 5 hours at 150 °C of artifiaging
temperature (Pradityana & Kurniawan Widyantoro, 201

The study of artificial aging on the aluminum abognd its effect on the characteristics of weldedam
attracted many researchers. Based on previousestuditificial aging was conducted at varying terapges
and holding times. The investigation on the systamale of 155, 185, and 215 °C temperature with8ah
holding time remains scarce. This current studyesis this gap by investigating the microstruotwaution
and mechanical properties of AA6061-T6 weld matefairthermore, this work provides novel insightsoi
optimizing these specific temperature parameterthi®d characteristics of aluminum welding. Thisreat study
aims to investigate microstructure evolution in tlveld metal and heat-affected zone (HAZ) area. The
correlation of different holding times and hardnesssile strength, and bending strength was igatsd.
Furthermore, this research provides a technicahdmork for optimizing the post-processing of AA6OBA
welds in industrial applications. In practice, thtady provides welding engineers with a precisgtpe@ld heat
treatment parameter to obtain better joint efficien
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2. RESEARCH METHODS

The experimental study on the effect of artifi@ging at different temperatures on the charactesistas
carried out with the AA6061-T6 as the starting matethe composition of this material as showrnTable 1.
Furthermore, the selected filler metal in this gtuds chosen based on the base metal compositiorhich ER
4043 type (Table 1) has been used.

Table 1. Composition of base metal AA6061-T6 alidrfER 4043

Elements Zn Mg Cu Fe Mn Si Cr Be Ti Al
AA6061-T6 0.03 0.92-0.99 0.18-0.23 0.27-0.3 0.0548®0.55 0.1 - - bal.
ER 4043 0.1 0.05 0.3 0.8 0.05 4.5-6.0 0.0003 0.2al. b

The Tungsten Inert Gaswelding process was condtetgih similar AA6061-T6 plates with the process
specifications demonstrated in Table 2. The alumiMAG6061-T6 plates with 200 x 300x 4 mm dimensions
with V-joint groove type are prepared by cuttinglsowith coolant media to prevent excessive surfeting.

In this current study, TIG welding with lower peraton with a V-groove was used in the 4 mm platekness
to achieve full penetration and formation of thetréace, and hopefully the welded joint has goaénsgith.
Furthermore, solution treatment of the welded AABO® at 520 °C for a holding time of 1.0 h was aactdd
using a muffle furnace and rapid water cooling.sTprocess is followed by artificial aging at diffet
temperatures (155, 185, and 215 °C) for an 8.0 i@ time. Based on the literatures can be draat t
temperature aging plays an important role in thermstructure evolution, in which the correct tenapere
results in better mechanical properties. The aggngperature has been used within the range 158a48Q in
which the higher temperature potentially causes-agéng and reduces the strength. Thus, in thieeotistudy
try to investigate the proper temperature for weddhAA6061-T6 with a 4 mm plate thickness.

The aged samples were characterized by differenthade, particularly the mechanical properties,
referring to the AWS standard (AWS Committee, 200)e scheme of the welded material and the test
specimen arrangement is shown in Figure 1.

Bend test < r
specimen N[

|

1

—

Hardness test—"—f— | _\
specimen Welding | =
. >
Microstructure — area «
speeimen

Tensile —A——""
specimen |

Figure 1. The schematic of the test coupon of alumi AA6061-T6 was welded using TIG welding followed
by artificial aging.

Table 2. TIG welding specifications and processupeaters for a similar join of AA6061-T6.

Parameters Value Unit
Welding equipment Migatronic pi/250 -
Tungsten electrode diameter 2.4 mm
Filler wire diameter 2.4 mm
Heat input 3.6 kJ/mm
Current 110 A
Voltage 14 Vv
Welding speed 4.19 mm/s
Welding grade 99 %
Shielding gas Argon -
Glass flow rate 15 L/min
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Each of the specimens for hardness, tensile, amdirg tests, as well as microstructural observatias
cut according to standard dimensions. Furthermmrerostructural observation was conducted usingtical
microscope with 200x magnification. The metallodgnaspecimen was prepared through the grinding psce
starting with a 100-2000 grit paper and followedetghing with a chemical solution of HF (hydroflimacid)
for a 15-second etching duration. The Vickers hesdrtest with a load of 100 g was carried out taiokthe
hardness of the weld metal (WM), heat-affected z@hazZ), and base metal (BM) areas. The number of
indentations in each area is three points for wdffe artificial aging temperatures. Furthermore, dimensions
of the tensile and bending test specimens are shiovifigure 2. A total of three specimens for eaéthhe
experiments were tested at room temperature by wasldniversal Testing Machine (UTM) with a load aeipy
of 30 tons. The mechanical testing was conducteith @i typical crosshead speed of 5 mm/min at room
temperature. The statistical analysis of the ulintiansile strength data was carried out to caledle standard
deviation.

38
51
38

L
L_Ll 152

(a) (®

Figure 2. Dimensions of the mechanical testingispees: (a) tensile strength and (b) bend test.

Furthermore, the experimental flowchart of thisrent study is demonstrated in Figure 3.

The preparation TIG welding
process and AAGO61-T6

y

The welding process by Direct Current Electrode
Negative with parameters: 110 A current, welding speed
4.19 mm/s. and Ar gas with 15 L/min gas flow rate

!

Specimen test preparation refers to the AWS D1.2
Standard

v

No
Specimens
¢ Yes

The first stage: Solution Heat Treatment (520°C, 1 h holding time).
The second stage: Artificial Aging process with different temperatures
(155 °C, 185 °C, and 215 °C) and S‘h holding times.

‘ Testing of welded AAG061-T6 |
| | | |
‘ Tensile test | ‘ Hardness test | | Bend test | | OM observation |

| | |
v

/ Data analysis /

Figure 3. The experimental flowchart
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3. RESULTS AND DISCUSSION

Figure 4 shows the A6061 plate welded using the mihod followed by artificial aging. In this stydy
the plate samples were joined end-to-end with amdimensions, forming a straight line on the aefaf the
6061 plates, see Figure 4a. The detailed view efatlded plate, as shown in Figure 4b, clearly shihat the
weld metal consists of weld metal (WM), heat-aféeczone (HAZ), and base metal (BM), in which the Bida
is not significantly influenced by heat input dgithe welding process. Based on macro-observatiese areas
presented a different pattern, in which the weldaingrea showed a circular pattern formed durimgviklding
process. The circular pattern is suitable for ahum sheets with a manual welding process, whichgoasl
heat and impurity control.

Figure 4. (a) Aluminum 6061 plate welded usingT® method, and (b) Enlarged the “A” area.

Furthermore, the effect of aging temperature omtieeostructural evolution of the A6061 welded plat
was investigated by using an optical microscope &gure 5).

Figure 5. The microstructure of AA6061-T6 with difént artificial aging temperatures: (a) Based nébg
HAZ-T155, (c) WM-T155, (d) HAZ-T185, () WM-T185f)(HAZ-T215, (g) WM-T215, (h) HAZ-Non PWHT,
and (i) WM-Non PWHT.
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The microstructure of the A6061 alloy mainly cotsisf -aluminum solid solution with coarse grains
smaller than 50 um, see Figure 5a. The solid smiutrmed predominantly in the microstructure, vahimight
be correlated with the low-alloy elements belowtl%veach (see Table 1). The low aging temperafilsd {C)
promoted microstructural evolution of both HAZ aweld metal (WM) areas, see Figure 5b-c. Although th
microstructure is not significantly different frotinat of the base AA6061-T6 alloy, a finer microstrue in the
HAZ and WM areas was observed. The microstructdré¢he HAZ and WM area also demonstrated the
continuously refined grain with the increase imagiemperature from 185 to 215 °C, see Figure 5thg.grain
size below 10 um was clearly observed in the WM arfethe welded AA6061-T6 alloy. It is believed tiiae
microstructure evolution strongly correlates withe tstrength. The solution treatment and aging poce
promoted MgSi formation and microstructural evolution, furthiefluencing the mechanical properties of the
Al-Mg-Si alloy, as reported (Chen et al., 2023)eTiresence of fine precipitates within the micrasture of the
AAB6061-T6 can act as a barrier to dislocation moseimHigh temperature aging (22&) probably causes
over-aging, which generates larger and more stafeleipitates Furthermore, the microstructure of the A6061
welded without the PWHT process showed little difece (Figure 5h-i). The grain structure with nedike
structure formation in the HAZ area was observ@&te formation of this structure might be correlatéth the
impurities and rapid cooling rate of the HAZ aréais structure contributes to the low strength haf tveld
metal.

Figure 6 shows the hardness of AA6061-T6 alloy welty using the TIG method, subsequent solution
treatment, and artificial aging at different tengiares. A different hardness was observed in diffeareas:
weld metal, HAZ, and base metal. This hardnessiglyaorrelated with the different microstructuredach of
the areas, as observed in Figure 5a-i. The as-diehdgterial (TO) shows the lowest hardness in althef
different areas, with the highest hardness of 68/5, and the lowest 58.1 H\in the weld metal and HAZ
areas, respectively. Furthermore, the increaskdrhardness of welded AA6061-T6 was obtained foofahe
areas after artificial ageing. A significant incsean the hardness occurred at an artificial aggngperature of
155 °C, the average hardness was 93.3 H¥15.7 H\§;, and 123.1 HYy; for WM, HAZ, and BM areas,
respectively.

Figure 6. The hardness of AA6061-T6 welding witlffedtent artificial aging temperatures in differesmteas
(WM, HAZ, and BM).

The maximum increase in hardness of the post-eatntent sample (T155) up to 43% (WM), 100%
(HAZ), and 101% (BM) compared with the as-welded68A1 without heat treatment. This result correspond
to the microstructure, in which the artificial agipromoted microstructural evolution with a smafeain size,
see Figure 5a-®©n the other hand, the increase of aging temper§fir85-T215) also promotes microstructure
change (see Figure 5d-g) and a slight increaseedfiardness 106.3 HYof the WM area obtained with 18&
aging temperature. Furthermore, the decreased éssdsf the WM and HAZ areas of the welded AA6061-T6
after 215°C artificial aging occurred. This fact might be @ated with the higher aging temperature, which
promoted larger precipitates dispersed within theestructure. The hardness varies from 73 to 88fbf\the
HAZ area without post-heat treatment of AA6061-6th¢d by TIG welding obtained (Ji et al., 2023)isTh
value is higher than the hardness of the as-wegf@@ll however lower than the hardness of aged AA6D6.
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Without aging, the welding parameters like currdéfier, and welding speed strong influences thedhass. Ji et
al. use 240 A and 110 A welding current for thigdgt It is believed that the different of this pater influence
the hardness of welded AA6061-T6. Based on Figuigi$ clearly visible that the most significamicrease in
hardness occurred at the base metal area. Thissfact easy to explain based on the microstruabureptical
microstructure observation. However, it is believimht the composition of the AA6061 and precipitate
formation during artificial aging contribute to emtting the hardness. The formation of J8igin the AA6061
welding through artificial aging was also repor{8dgiarto et al., 2021).

Figures 7a-b show the tensile strength and striaimetded AA6061 aluminum with artificial aging and
without the PWHT process (T0). It is clearly obsshthat the ultimate tensile strength+() of the welded
AAB6061 is influenced by the post-weld heat treatmdm this study, the highest strength of 201.4 Mipd
strain of 5.5% were obtained for aged AA6061 at AB50n the contrary, the aged material (T155 sajriphd
a strength of about 160.1 MPa, with the lowestirstda5% (see Figure 7b) being obtained. The lovggnga
temperature (T155) shows a lower strain of AA60G1vielding, which is slightly above that of the N&#AT
sample, which has 5.1%. Although the increase veassignificant, the aging process clearly influentee
mechanical properties of the AA6061-T6 welding. Tiherease in tensile strength might correlate with
microstructure evolution. In which the precipitaiég,Si and refinement contribute to the strength of the
AA6061-T6 was reported (Moharami et al., 2020).tkemmore, the increase in the aging temperatut® @45
°C (T215 sample) tends to decrease the strendtheofvelded AA6061-T6, in which 160.3 MPa was oldin
with 5.7% of strain. Ji et al. (2023) propose thestle stress of welded AA6061-T6 to be about 1PaMhis
result is lower than 149.1 MPa without aging in tuerent study. The tensile strength tends to asmeup to
201.4 MPa for 185C aging temperature. This fact confirmed that thstpeeld heat treatment promoted the
microstructure evolution and strength improvemdiite main factor to decreasing of the strength dlec
material is not easy to analyze. However, highemptratures probably promoted more atomic diffusiod

precipitate transformation. This phenomenon caregga coarse precipitates within the microstructanel it is
detrimental to tensile strength.

T T T T 7 T T T
250 (a) 201.4 4 (b) 5.5 5.7

- |
/ /

200 4

150 4

100

Tensile strength (MPa)

50 1

T155 T185 T215 TO T155 T185 T215 TO

Artificial aging temperature (°C) Artificial aging temperature (°C)
Figure 7. (a) Tensile strength and (b) strain efilelded AA6061-T6 with different aging temperasure

In the fracture of the welded AA6061-T6 samplessprted in Figure 8, it is clearly visible that the
fracture area for all of the samples occurred atwield metal (WM) areas. In this study, the intrtthn of the
artificial aging process did not significantly clggnthe properties of the WM area in comparison Withbase
metal. This finding confirms that the WM zone hls towest strength. This result corresponds tchtirdness
result, which has the lowest hardness. In the altntensile test, attention should be paid to chibekplate
sample dimensions accurately to obtain a consistsuit.
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Figure 8. The fracture area of the welded AA6061with different artificial aging temperatures: (E)55, (b)
T185, (c) T215, (d) WM-Non PWHT/TO.

The bending test samples were observed at theafateoot and are presented in Table 2. It is glearl
observed that the face area of the specimens viiénaht artificial aging temperatures is “accefitbdcause no
cracks occur, or the crack length is below 6 mm.t@nother hand, the root areas show a differendition.
The test samples T155 and No-PWHT are “acceptedditons, which might be correlated with their dlitgt
On the other hand, the test samples T185 and T@d®mistrated more crack formation on the surfacheofoot
area after bending. The formation of cracks isugriiced by many factors, such as weld defects.Heligved
that the welding defects, such as pores contritnuteitial crack formation. The relation betweere thores and
crack formation of the Al-Mg-Si alloys was also oefed (Lee et al., 2024).

Table 2. Bend test of the coupon with differennhggiemperatures

Specimen Crack
face root
T155 Accepted Accepted
T185 Accepted Not Accepted
T215 Accepted Not Accepted
No-PWHT Accepted Accepted

In this study, the morphologies of test sampleshatroot area are shown in Figure 9. Based on the
observation, the root area clearly exhibits an opack model, likely due to tensile phenomena atdhtside
radius of the T185 and T215 weld tests.

Figure 9. The root surface of the bend test of AR&061-T6 with different artificial aging temperaas: (a)
T155, (b) T185, (c) T215, (d) WM-Non PWHT/TO.
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The introduction of PWHT into welded similar joimi§the AA6061-T6 with artificial aging temperatarél55,
185, and 215 °C) was successful. The finding shthas the aging temperature can be used to improge t
hardness in the HAZ area and achieve a higherl¢éessength than that of as-welded aluminum. Eveugh
the bend test shows the crack occurred on thesidet the PWHT at 185 °C mostly brings a good éféecthe
tensile strength of the welded AA6061-T6.

4. CONCLUSION

The joining of the Aluminum 6061 by TIG welding actaracterizing its properties was carried out.
Based on the data above, several conclusions catraven. Larger grains were observed in the basalmet
microstructure. In which the subsequent artifigiging of TIG welding promoted microstructure evint and
finer grains formed in the HAZ and WM areas. Adiéil aging significantly increases the hardnesthefweld
metal across all areas. Even though the highegihbas at the base metal was obtained at the higtégtial
aging temperature, the predominant increase inneasdwas achieved by the introduction of a lowéngg
temperature. Furthermore, aging at medium temperatuccessfully enhances tensile strength anuh stvar
those of as-welded aluminum and high-temperatuiregadhe fracture morphologies demonstrated that th
fracture area occurred in the WM area. This resuifirmed that this area has weaker strength tharother
area. On the other hand, the bending test showsck formation in several samples. In the root ,atee
phenomenon was observed as more visible. The imttimoh of different aging temperatures during tivgHPT
process in the welded AA6061-T6 influences the asitucture evolution and also improves the mechanic
properties of the welded aluminum alloy. It is clgaobtained that the aging temperature does matalily
increase the strength of the welded AA6061-T6 nwteparticularly for aging at 180 °C shows the Hagt
strength in this current study. In comparison vgthvious studies, this result is still within tlenge of strength
of the welded AA6061-T6. This research contributied engineering applications to avoid over aged
phenomenom, which cause reducing in the mechapioglerties of welded aluminum. The introductiortho#
correct temperature will maximize the propertiesnelded AA6061-T6. In the future, a deeper invesdtan
correlated with the precipitate formation is stifiportant, including the XRD test and SEM-EDS oliation,
which might be helpful to increase the comprehenaivalysis in the welded AA6061-T6.
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