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Abstract

This research emphases the impact of solution annealing (post-weld heat treat-
ment(PWHT)) on the ultimate tensile strength (UTS) and weld nugget hardness
(WNH) characteristics of friction stir welded (FSW) joints of AA6082/3 wt.%
ZrO,/5 wt.% B,C aluminium matrix hybrid composites (AMMHC:s). The FSW
joints underwent solution annealing followed by numerous ageing treatments.
Solution annealing is conducted at 450 °C in the AMMHCs, which are FSW
with the low (28.55 kJ/mm), high (114.23 kJ/mm) heat input (HHI) conditions,
and optimum FSW process parameters (57.83 kJ/mm) HI (OHI) conditions.
'The soaking period is conducted for 60 minutes and subsequently quenching by
water and artificial ageing conducted at 120 °C for a soaking duration of 1 day.
Solution annealing significantly influences grain growth, phase transformation,
and the alteration of microstructures within various regions of the weldment,
including the welded nugget zone (WNZ), thermo-mechanically affected zone
(TMAZ), heat-affected zone (HAZ), and base metal (BM). Furthermore, under-
standing these microstructural changes aids in enhancing mechanical properties
such as UTS and WNH. The UT'S and WNH seemed to be increased at 450 °C.
'The FSW joints attained with FSW process parameters HI conditions produced
the fine grains and maximum UTS of 248 MPa and microhardness of 118 HV
after solution annealing at 450 °C.
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Introduction

AA6082 alloy is being unique aluminium alloy and considered as high as
UTS alloy with excellent corrosion resistance in the series of aluminium 6000.
When AA6082 alloys are fabricated as aluminium metal matrix hybrid com-
posites, it exhibits better resistance to wear, high strength and low thermal co-
efficient of expansion compared to AA6082 alloy. AA6082 hybrid composites
replaces AA6061 in many applications like trusses, bridges, cranes, ore ships, beer
barrels and milk churns [1]. The fabrication of intricate equipment/components
of AMMHC:s depends on effective joining methods such as solid state and fu-
sion welding processes, that are still rely on specific material and process. These
AMMHCGC:s are non-weldable using fusion welding techniques due to the (a)
occurrence of segregation and undesirable reactions between the reinforcement
particles and liquid aluminum in the fusion zone, (b) improper mixing of parent
and filler materials [2, 3]. These issues can be overcome by adopting the FSW for
these composites.

FSW is a sustainable solid-state welding technique, typically performed at
temperatures ranging from 0.6 to 0.9 times the material’s melting point to achieve
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uniform plasticization. The process employs a non-consumable
tool comprising a shoulder and pin, traversing along the inter-
face of abutting plates clamped onto a backing plate. Through
the application of pressure and controlled travel and advance-
ment speeds, friction between the tool shoulder and the plates
generates the necessary heat for material plastic flow. FSW is
renowned for enhancing the mechanical properties of joints
in aluminum alloys (2XXX, 6XXX, and 7XXX series) and
aluminum metal matrix composites. Despite its myriad bene-
fits such as excellent dimensional stability, ease of weldability
in the solid state, and reduced weld defects, FSW does have
drawbacks, notably the tendency for softened welded joints,
leading to diminished mechanical strength.

FSW induces residual stresses in the material due to the
rapid heating and cooling cycles. PWHT helps in relieving
these residual stresses, which can otherwise act as sites for
crack initiation and propagation, thereby reducing the ma-
terial’s strength. Stress relief during PWHT contributes to
improved mechanical properties. Furthermore, the FSW zone
experiences elevated temperatures due to mechanical stirring,
altering the distribution of precipitates in the parent metal,
thereby impacting the UTS and ductility of the welded joints.
To address and improve these mechanical properties, PWHT
is commonly employed on aluminum alloys and their com-
posites.

Recent research efforts have been dedicated to unraveling
the effects of PWHT on the mechanical properties of alu-
minum alloys and their composites. Gupta et al. [4] delved
into the precipitation and hardening mechanisms within an
Al1-0.4%, Mg-1.3%, Si-0.25%, Fe alloy, pinpointing the hard-
ness augmentation during natural aging to the precipitation of
clusters and zones, with peak hardness attributed to ” particle
precipitation. Similarly, Wang et al. [5] provided a thorough
quantitative analysis of precipitation hardening in AA6111,
revealing the coexistence of ” and Q’ phases during aging,
with the relative abundance of Q increasing with prolonged

aging at 180 °C.
Bahman et al. [6] explored the UTS of AA6061 alloys

under various precipitation hardening and cold working con-
ditions, noting an increase in UTS and decrease in ductility
for samples subjected to specific aging treatments. Ahmad et
al. [7] examined the impact of PWHT on the metallurgical
and UTS properties of FSW aluminium alloy 6061 joints,
highlighting a 4.7% UTS improvement with extended solu-
tion heat treatment. Jitlada et al. [8] discussed PWHT effects
on the UTS, microhardness, toughness, and fracture surfaces
of FSW AA6061-T651, finding a direct correlation between
UTS and vickers hardness, while identifying lowest toughness
at 6.2 ] in PWHT specimens. Yousefpour et al. [9] analyzed
PWHT’ influence on the mechanical properties of FSW
AA6061-T6 plates, revealing optimized Al O, nanoparticle
distribution at specific welding speeds (WS).

Hossein et al. [10] explored precipitation hardening’s ef-
fects in FSW of AA6061-T6 to AA2024-T6 plates, observ-
ing microstructural changes and increased joint efficiency
post-treatment. Amir et al. [11] investigated T6 PWHT’s
impact on FSW AA8061, noting a reduction in the Porte-

vin-Chatelier effect and enhanced mechanical properties
through improved precipitation hardening. Bakkiyaraj et al.
[12] examined PWHT’s enhancement on FSW dissimilar
AA6061 and AA7075-T6 joints, highlighting superior UTS
and hardness with specific treatment regimes. Additionally,
Monoj et al. [13] summarized processing stages and precipi-
tation strengthening mechanisms of 6xxx aluminum series al-
loys, emphasizing the significance of proper homogenization
for enhanced mechanical properties.

Srikanth et al. [14] explored traditional and cyclic heat
treatments’ effects on FSW dissimilar aluminum alloys
AA5052 and AA6061, noting significant improvements in
microhardness, UTS, and ductility with the newly-devised cy-
clic treatment. These studies collectively underscore PWHT’s
potential to alter microstructures and enhance the tensile
strength and hardness of FSW joints, revealing a gap in re-
search pertaining to PWHT on FSW AA6082 hybrid com-
posites. Thus, this study aims to investigate PWHT’s impact
on the metallurgical, UTS, and hardness of FSW AA6082 hy-
brid composites under selected conditions: (a) low HI (LHI),
(b) HHI, and (c) OHI.

Experimental Work
Material and FSWconditions

FSW is applied to AA6082 hybrid composite stir cast
plates, each measuring 100 mm x 50 mm x 6 mm. The joining
plates were longitudinally butt-joined parallel to the rolling
direction using a FSW Machine. These plates are securely
clamped onto the FSW machine table to attain a square butt
configuration. The FSW tool, crafted from high carbon high
chromium steel or D, tool steel (65 HRC), features a square
pin profile measuring 4 mm in size and 5.7 mm in length,
with an 18 mm shoulder diameter extending 15 mm in length.
Rigidly fixed onto the rotational spindle, the tool is rotated
clockwise and driven vertically downward and longitudinal-
ly during FSW to penetrate and weld the plates, regulated
by a control panel. Axial load (AL) is applied to the plates
via a hydraulic system. This study focuses on OHI, namely
tool rotational speed (TRS), WS, and AL. Experimental re-
sults detailed in table 1 demonstrated that the highest UTS
and work-hardening index (WNH) reach 239.28 MPa and
94.2 HYV, respectively, at optimal welding conditions: TRS of
1030.95 rpm, WS of 38.50 mm/min, and AL of 5.88 kN, as
determined through a desirability approach utilizing response
surface methodology (RSM) and design expert software.

HI Calculation During FS Welding
Average heat input (AHI) calculation

The FSW tool’s stirring motion induces significant plastic
deformation and generates high temperatures within the weld
nugget zone of FSW joints. Consequently, microstructural
alterations occur in the welded zone of the advanced metal
matrix hybrid composites (AMMHC:s). The overall torque
generated during this process is mathematically represented
by equations 1 and 2 [15], while the AHI is quantified by
equation 3 [16].
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Table 1: Experimental results of optimum UTS and optimum WNH of
AA6082 hybrid composites.

TRS (rpm) | WS (mm/min) | AL (kN) | UTS (MPa) | WNH (HV)
1030.95 38.50 5.88 239.28 94.2
T=T+T 1
T=2xpxFx((r,/3)+((r?/(r,?) xh)) (2)
Q,, =nx2nNT/f 3)

where, T _Torque produced by the tool shoulder (nm), Tp =
Torque produced by the tool pin (in N-m), p = Co-efficient
of friction for tool and work piece (typically 0.5), F = AL (N),
r,_Radius of the tool shoulder (m), r, = Tool pin profile size
(m), h = Height of the tool pin (m), T =Total torque (nm), n =
Efficiency of welded joints (typically about 0.9), N = TRS (in
rpm), = WS (mm/min), Q, = AHI (in kJ/mm).

The heat generation during the FSW process of
AMMHGC:s across seventeen welding conditions (Figure 1)
is initially computed utilizing equation (3), with the results
tabulated in table 2. Subsequently, the impact of this heat
on growth of grain, transformation of phase within the mi-
crostructure, as well as UTS and WNH in the welded zone
is thoroughly examined. For PWHT, three distinct FSW
AMMHC samples are earmarked, representing conditions of
LHI, HHI, and OHI, based on an extensive literature review.

From table 2, trial 4, exhibiting an AHI of 28.55 kJ/mm,
is identified as representing LHI conditions, characterized by
a TRS of 1000 rpm, WS of 50 mm/min, and AL of 4 kN.
Similarly, trial no. 14, with a heating input of 114.23 kJ/mm,
is designated as HHI conditions, featuring TRS of 1000 rpm,
WS of 25 mm/min, and AL of 8 kN. The HI for the condi-
tion representing optimal process parameters is determined as
57.83 kJ/mm [17, 18], corresponding to TRS of 1030.95 rpm,
WS of 38.5 mm/min, and AL of 5.88 kN. These specifications
are summarized in table 3 and serve as the basis for subsequent

PWHT processes.
PWHT

AA6082 is an aluminum alloy that can be strengthened
through precipitation hardening (age hardening). During
PWHT, fine precipitates (such as Mg Si in AA6082) form
and uniformly distribute throughout the matrix. These pre-
cipitates hinder dislocation movement, leading to an increase
in both UTS and micro hardness. Subsequently, in this study,
the original hybrid composite employed is AA6082/3 wt.%
ZrO,/5 wt.% B,C. After FSW, solution annealing and nu-
merous aging treatments were performed on the FS Joined
specimens. The PWHT procedures included solution anneal-
ing (solutionizing) at 450 °C for 1 h, quenching in water at ap-
proximately 0°C, followed by artificial aging treatments at 120
°C for soaking period of 24 h.The primary goal of this research
is to enhance the UTS (to surpass 250 MPa) of AA6082/3
wt.% ZrO,/5 wt.% B,C, potentially replacing AA6061 alloys
and their composites in ship floor or cargo deck construction.
Subsequent analysis in all cases includes evaluation of micro-
structure, UTS, and micro hardness.

800 1pitn. 25 mnvinin.
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Figure 1: FSW of seventeen samples as per actual design matrix.

Table 2: Heat generated during FSW of AMMHC at various welding

conditions.

Number of | TRS WS AL | UTS | WNH AHI
trial (rpm) | (mm/min) | (kN) | (MPa) | (HV) | (kJ/mm)
1 1000 25 4 193 76 57.11
2 800 37.5 4 179 76 30.46
3 1200 37.5 4 210 73 45.69
4 1000 50 4 225 81 28.55
5 800 25 6 181 70 68.54
6 1200 25 6 227 79 102.8
7 1000 37.5 6 251 93 57.11
8 1000 37.5 6 233 95 57.11
9 1000 37.5 6 230 95 57.11
10 1000 37.5 6 239 94 57.11
11 1000 37.5 6 233 95 57.11
12 800 50 6 182 77 34.27
13 1200 50 6 215 76 51.4
14 1000 25 8 198 76 114.23
15 800 37.5 8 186 77 60.92
16 1200 37.5 8 196 75 91.39
17 1000 50 8 189 82 57.11
Table 3: HI conditions considered for PWHT.
S"‘;]“(fle HI condition (&E) ‘("I’{l\g)l AHI (kJ/mm)

1 LHI 225 81 28.55
2 HHI 198 76 114.23
3 OHI 239.28 94.2 57.83

Metallography and Mechanical

Characterization

Metallurgical analysis

An extensive examination of metallurgy on different parts
of FSW specimens has been done through the metallurgi-
cal microscope at different magnifications. The preparation
procedures were as follows: for preparation of FSW welded
AMMHC specimens, samples were first cut out size 15 mm
x 15 mm x 10 mm then polished with emery papers grit size
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ranging from 220-1200. After that, the surfaces of the speci-
mens were polished further by means of 6 pm, 3 pm, and 0.5
pm diamond polishing discs. An alumina solution was then
applied for the final polishing step to give a bright surface
which was later etched with Keller’s agent. Such careful prepa-
rations allowed for excellent observation conditions at various
magnification levels (100X/100 pum, 100X/50 pm, 200X/50
pm) so that BM could be recorded perfectly alongside HAZ,
TMAZ as well as WAZ through usage of an optical micro-

scope.
Mechanical tests
ASTM standards EO8 M-04 and E10 are followed while

assessing how strong FSW joints are based on their mechani-
cal properties. A uniaxial tensile load is applied to characterize
elastic-plastic behavior of the material using tensile testing.
The tests were carried out with localized strain variations
obtained by using an extensometer for measuring the length
change of the FSW MMC in control modes of displacement
at the speed of 0.1 mm/min. Engineering stress-strain rela-
tions were evaluated for each specimen.

'The rectangular samples were fabricated for Vickers mi-
crohardness test using wire-cut EDM. The dimensions should
not exceed 15 mm x 15 mm x 10 mm. They were then sub-
jected to an AL of 500 g for a hold time of 10 s along the cen-
terlines perpendicular to the welding direction on their cross
sections: with a 1 mm spacing between the adjacent measuring
locations in the weld fusion zone. The indentations made by
the indenter measuring 1/16 inch in diameter were measured
in various places on the sample’s surface to define its sphericity.
Various zones within the welded joints had micro hardness
assessments carried out at different sections.

Result and Discussions

Examination of microstructure for FSW AMMHC:s before
PWHT

Figure 2 shows the results of the macrostructure exam-
ination of FSW AMMHC for LHI condition (TRS = 1000
rpm, WS = 50 mm/min, and AL = 4 kN). It depicts the WNZ,
TMAZ,HAZ, and BM of untreated FSW AMMHC. It also

shows the defect-free weld with a narrow weld nugget zone.

Figure 3a shows the interfacial zone of friction stir (FS)
welded aluminum matrix metal hybrid composite (AMMHC)
under LHI conditions. Distinct zones such as the WNZ,
TMAZ, HAZ, and BM are evident. Each zone experiences
varying thermal cycles and deformation in the WNZ and
TMAZ),resulting in a complex combination of microstructural
transformations. The base composite demonstrates substantial
material flow in the WNZ and TMAZ, oriented downward,
with grains elongated in the same direction. The HAZ,
adjacent to the BM, is predominantly impacted by heat and
stress due to friction generated by the stirring action. Figure 3b
illustrates the base composite with a cast structure of aluminum
AMMHC, unaffected by the heat and friction of FS welding.
Figure 3c, figure 3d and figure 3e display the results of the
microstructural examination of FSW AMMHC for LHI
conditions prior to PWHT. Figure 3¢ focuses on the HAZ,

Figure 2: Macrostructure examination of FSW AMMHC for LHI con-
dition before PWHT.

Heat Affected Zone TMAZ F5 Welded Zone

Base Composite

Figure 3: (a) Interfacial zone of FSW AMMHC, (b) BM of FSW
AMMHC, and (c-e) Microstructure examination of FSW AMMHC for
LHI condition before PWHT.

which shows no plastic deformation or grain reinforcement.
Figure 3d highlights the TMAZ, where partial recrystallization
occurs due to both temperature rise and deformation, with
eutectic particle precipitation occurring at the interface of the
WNZ and base composite. Figure 3e reveals the WNZ, where
plastic deformation caused by the rotating FSW tool leads to
a highly recrystallized grain structure. This region also displays
dendritic grain fragmentation and the precipitation of eutectic
particles as fine particles due to the combined effects of stress
and heat.

Figure 4 depicts the macrostructure of FSW AMMHC
under HHI conditions confirming the presence of WNZ,
TMAZ, HAZ, and BM before the PWHT process. The weld
is defect-free and shows a slightly wider WNZ compared to
LHI conditions. Similarly, figure 5a presents the interfacial
zone of FSW AMMHC for HHI conditions, reaffirming
the presence of distinct zones such as WNZ, TMAZ, HAZ,
and BM. The base composite exhibits significant flow in the
TMAZ and WNZ, with grains elongated in the downward
direction, consistent with LHI conditions. As before, the
HAZ adjacent to the BM is affected primarily by heat and
stress from the stirring action. Figure 5b shows the base
composite with a cast aluminum MMC structure that remains
unaffected by FS welding. Figure 5S¢, figure 5d and figure Se
present the microstructural investigation of FSW AMMHC
for HHI conditions before PWHT. Figure 5c¢ highlights the
HAZ, which, like the LHI condition, does not show plastic
deformation or grain reinforcement but displays eutectic
particle precipitation at the interface of the WNZ and base
composite.

Figure 5d illustrates the TMAZ region, which shows
partial recrystallization, experiencing higher temperatures but
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Base Composite

Heat Affected Lone

Figure 5: (a) Interfacial zone of FSW MMC, (b) BM of FSW AMMHC
,and (c-e) Microstructure examination of FSW AMMHC for HHI con-

dition before PWHT.
L J

less deformation. It also reveals the precipitation of eutectic
particles, along with the connection between the WNZ and
the base composite. Figure 5e displays the WNZ region, char-
acterized by reduced plastic deformation due to the rotating
FSW tool, yet showing an extremely recrystallized grain struc-
ture.

Figure 6 presents the macrostructure examination of FSW
AMMHC under HHI conditions corresponding to the OHI
conditions. It confirms the presence of WNZ, TMAZ, HAZ,
and BM before the PWHT process, with a very narrow weld
nugget zone and a defect-free weld.

Figure 7a shows the interfacial zone of FSW AMMHC
under OHI conditions before the PWHT process. It reveals
the presence of distinct zones such as WNZ, TMAZ, HAZ,
and BM. 'The base composite demonstrates significant mate-
rial flow in the TMAZ and WNZ, with grains elongated in
the downward direction. The HAZ, adjacent to the BM, is pri-
marily affected by heat and stress from the friction generated
by the stirring action. Figure 7b illustrates the base composite
with a cast structure of aluminum MMC, unaffected by the
heat and friction of F'S welding. Figure 7c, figure 7d and figure
7e display the results of the microstructural examination of
FSW AMMHC under OHI conditions before the PWHT
process. Figure 7c¢ focuses on the HAZ region, which shows
no plastic deformation or grain reinforcement, but reveals the
precipitation of eutectic particles at the interface of the WNZ
and base composite. Figure 7d highlights the TMAZ region,
where partial recrystallization occurs, along with deformation
and a higher temperature rise. Eutectic particle precipitation
is also observed, along with the interconnection of the WNZ
and base composite.

Figure 7e depicts the WNZ region, which exhibits

B ,
Figure 4: Macrostructure examination of FSW AMMHC for HHI con- BM .- L e N / p : e AW
L dition before PWH'T. ) Figure 6: Macrostructure examination of FSW AMMHC for OHI con-
L dition before PWHT.
IS 2

e 7

Figure 7: (a) Interfacial zone of FSW MMC, (b) BM of FSW MMC, and
(c-e) Microstructure examination of FSW AMMHC for OHI condition

before PWHT.
L J

significant plastic deformation due to the rotating FSW tool,
along with a highly recrystallized grain structure. Based on the
results obtained for UTS and WNH under the three different
HI conditions, the OHI condition achieves a UT'S of 239 MPa
and a WNH of 94 HV. These values are the highest compared
to the other two HI conditions-LHI and HHI conditions.

The microstructure analysis shown in figure 7 demonstrates
that the WNH exhibits a fine grain structure with minimal
segregation in the matrix. The FSW process transforms the
slightly elongated and longer grains found in the BM into a
fine, dynamically recrystallized equiaxed grain structure in the
WNZ.This grain structure is also more consistently distributed
compared to low and HHI conditions. In the WNZ, the fine
precipitates become granular after the FSW process, leading
to notable variations in mechanical properties across the
joint, which could potentially affect joint performance. The
grains in the TMAZ are significantly rotated and elongated.
Furthermore, it is observed that the TMAZ under both low
and HHI conditions is greatly altered by the FSW process,
resulting in irregular particulate dislocations. There is no
plastic deformation in the HAZ, and the grain structure
remains unchanged except for the heating effect. The welding
process does not affect the grain size or the precipitate state of
the BM. Additionally, the OHI result in well-dispersed grains,
minimal particulate dislocations, and good phase dispersion
between the BM matrix and particulate reinforcements.

Examination of microstructure for FSW AMMHC:s after
PWHT at 450 C

After the solution annealing treatment in all three HI
conditions (IHI, HHI, and OHI), there are significant chang-
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es occurred in the FSW zone of the welds. Huge grains, rang-
ing from numerous hundred microns to a scarce millimeter,
were witnessed in the FSW zone, indicating microstructural
instability identified as abnormal grain growth. Most of the
grain boundaries in the FSW microstructures exhibit great
angles (> 15°), classifying the microstructure as recrystallized.
Grain growth seems to be a natural significance of solution
annealing. Abnormal grain growth in the FSW zone is mainly
caused by non-uniform deformation pattern during the FSW
process, where the main factors are non-uniform deformation
pattern during FSW process. This includes anisotropy of grain
boundary energy and mobility reduction of pinning forces
resulting from dissolution of particles and thermodynamic
driving forces from the distribution of grain sizes. It is very
important that we have a good balance of forces that drive the
grain to grow abnormally with forces that hinder its move-
ment along the boundaries.

Figure 8a illustrates the interfacial zone of FSW
AMMHC under LHI conditions after PWHT. Distinct
zones such as WNZ, TMAZ, HAZ, and BM are clearly
visible, with the microstructure and properties in these zones
largely resembling those described in section 5.1. Figure 8b
depicts the base composite, which retains the cast structure of
aluminum MMC. Figure 8c shows the HAZ region, which
remains free of plastic deformation and grain reinforcement.
Figure 8d highlights the TMAZ region, where incomplete
recrystallization is observed, along with both temperature rise
and deformation. Eutectic particle precipitation is also present,
along with the interconnection between the WNZ and the base
composite. Figure 8e reveals the WNZ region, which exhibits
plastic deformation, and an even more recrystallized grain
structure compared to the pre-PWHT grain structure under
the same HI conditions. This may explain the improvement in
microhardness from 81 HV to 102.3 HV and an increase in
UTS from 225 MPa to 242 MPa.

Figure 9a presents the interfacial zone of FSW AMMHC
under HHI conditions after PWHT. The WNZ, TMAZ,
HAZ, and BM zones are all clearly defined, with the
microstructure and properties resembling those discussed in
section 5.1. Figure 9b shows the base composite, which retains
the cast structure of aluminum MMC. Figure 9c, figure
9d and figure 9e present the results of the microstructural
examination of FSW AMMHC under HHI conditions after
PWHT. Figure 9¢ depicts the HAZ region, showing no plastic
deformation or grain reinforcement, but eutectic particle
precipitation is present, as well as the interconnection between
the WNZ and the base composite. Figure 9d illustrates
the TMAZ region, which shows partial recrystallization,
experiencing higher temperatures but less deformation.
Eutectic particle precipitation is also observed, along with the
interconnection between the WNZ and the base composite.
Figure 9e highlights the WNZ region, showing reduced
plastic deformation but a more severely recrystallized grain
structure compared to the pre-PWHT condition at the same
HI level. This may contribute to an increase in microhardness
from 76 HV to 98.8 HV and a slight rise in UTS from 198
MPa to 199 MPa.

RN T
7
Bair Compaiie
Figure 8: (a) Interfacial zone of FSW MMC, (b) BM of FSW MMC, and

(c-e) Microstructure examination of FSW AMMHC for LHI condition
after PWHT at 450 °C.
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Figure 9: (a) Interfacial zone of FSW AMMHC, (b) BM of FSW
AMMHC, and (c-e) Microstructure examination of FSW AMMHC for

HHI condition after PWHT at 450 °C.
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Figure 10: (a) Interfacial zone of FSW AMMHC, (b) BM of FSW
AMMHC, and (c-e) Microstructure examination of FSW AMMHC for

OHI condition after PWHT at 450 °C.
N\ J

Figure 10a illustrates the interfacial zone of FSW
AMMHC under optimum FSW process parameter
conditions after the PWHT process. It reveals distinct zones,
including the WNZ, TMAZ, HAZ, and BM, with all zones
exhibiting similar microstructures and properties as described
in section 5.1. Figure 10b shows the base composite, retaining
its cast aluminum MMC structure. Figure 10c, figure 10d and
figure 10e present the results of the microstructure evaluation
of FSW AMMHC under optimum FSW process parameter
conditions after the PWHT process. Figure 10c focuses on the
HAZ region, which does not show any plastic deformation or
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grain reinforcement. It also reveals the precipitation of eutectic
particles and the interconnection between the WNZ and the
base composite.

p

Figure 10d illustrates the TMAZ region, which
shows partial recrystallization, experiencing both higher
temperatures and deformation. Eutectic particle precipitation
is also observed, along with the interconnection between the
WNZ and base composite. Figure 10e displays the WNZ
region, characterized by severe plastic deformation and an
extremely recrystallized grain structure compared to the pre-
PWHT grain structure under the same HI conditions. This
may explain the increase in microhardness from 94.2 HV to

118 HV and the rise in UT'S from 239.28 MPa to 248 MPa.

The microstructure analysis of the FSW process parameter
conditions,as shown in figure 10, reveals that the WINH exhibits
a fine grain structure, with the matrix in this zone displaying
fine grain sizes and low segregation after the PWHT process.
The grain structure is also more evenly distributed compared
to the low and HHI conditions. Moreover, the optimum
FSW  process parameter condition demonstrates excellent
grain dispersion, fewer particulate dislocations, and superior
phase dispersion between the BM matrix and particulate
reinforcements after the PWHT process.

Inall caseswhere heatis applied during welding (IHI, HHI,
OHI), the temperature of the solution significantly influences
the grain stability in the FS alloyed area. Grain expansion
typically increases with higher solution temperatures. For all
PWHT joints produced in this project, annealing treatment
was carried out at a consistent temperature of 450°C for one
hour. While the grain sizes in FSW joints do not change
significantly after PWHT, there are notable changes in the
size and dispersion of the hardening precipitates, depending
on the PWHT conditions. These changes are observed in both
FS welds and BM, as illustrated in figure 8, figure 9 and figure
10. The microhardness values and tensile properties of the
PWHT joints reflect these changes. The static properties of
the FSW joints in precipitation-hardening alloys are largely
influenced by the distribution of the hardening precipitates
rather than by grain size.

'The most effective precipitation hardening occurred during
the optimal FSW process parameter HI condition, which
resulted in significant hardening and toughening compared to
the other HI conditions. On the other hand, compared to the
LHI condition, the microstructure of FSW joints in the HHI
condition exhibited coarse hardening precipitates, with the
lowest microhardness and strength values. However, solution
annealing improved the microstructure of the weld zone,
leading to a more uniform platelet distribution and reduced
lag in crystal formation within the welding pool. This, in

turn, enhanced both strength and ductility. Consequently, the
tensile and hardness test results for these alloys were notably
high after high-temperature treatment.

Micro hardness results before and after PWHT

The microhardness results for PWHT at 450 °C are pre-
sented in table 4. For FSW advanced metal matrix hybrid
composites (AMMHCs), PWHT at 450 C yields microhard-
ness values of 102.3 HV,98.8 HV, and 118 HV for LHI, HHI,
and optimal FSW process parameter conditions, respectively.
These represent improvements of 8.6% (LHI), 4.88% (HHI),
and 25.27% (optimal process parameter conditions) compared
to the microhardness of FSW AMMHCs without PWHT,
which was 94.2 HV under optimal welding process param-
eters.

Microhardness survey in weldment and UTS before and

after PWHT at 450 °C

The microhardness of the stir zone is consistently higher
than that of the BM. The base microhardness of the AA6082
alloy and the AMMHC material (AA6082/3%ZrO,/5%B,C)
is 63 HV and 72.5 HV (optimum value), respectively, repre-
senting a 15% improvement compared to the base AA6082
alloy. The microhardness of the stir zone for FSW under
optimum parameters is 94 HV, a 27% increase compared to
the AMMHC material (AA6082/3%ZrO,/5%B ,C). This en-
hancement in microhardness is attributed to the grain refine-
ment in the WNZ, driven by the heat generated during the
stirring action of the non-consumable tool. Additionally, solu-
tion annealing treatment further refines the grain structure
in the WNZ, transforming the coarse grains formed during
welding into smaller, more equiaxed, and finer grains, thereby
enhancing both UTS and microhardness. As shown in table
4, the maximum microhardness of the stir zone after PWHT
for LHI, HHI, and OHI is 102.3 HV, 98.8 HV, and 118 HV,
respectively. These represent increases of 8.6%, 4.88%, and
25.27%, respectively, compared to the FSW AMMHC ma-
terial (AA6082/3%ZrO,/5%B,C). These variations are clearly
illustrated in figure 11.

Table 5 presents the microhardness survey results before
and after PWHT at 450 °C.Microhardness was measured along
the weld nugget zone (centreline) at intervals of 2 mm up to
20 mm from either side. This data is plotted in figure 12, which
shows microhardness trends before and after PWHT. From
the plot, it is evident that microhardness gradually decreases
as the distance from the centreline increases. Additionally, the
maximum microhardness consistently occurs on the advancing
side compared to the retreating side, regardless of different HI
conditions and TRSs. The hardness is significantly influenced
by the size and distribution of the strengthening precipitates.
The microhardness profile across the welded joint between

Table 4: WNH and UTS after PWHT at 450 °C.
Conditi i
onditions Agg(‘)g‘z‘}‘;; /FZSV(‘)’ , | PWHTof FSWat LHI | PWHT of FSW at HHI PWHT of FSW at optimum
Mechanical %B . ° Pr 2 T condition condition condition
properties 5%B,C without PWH
Micro hardness (HV) 94.2 102.3 98.8 118
% of variation - 8.6 4.88 25.27
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Table 5: Microhardness survey analysis.
Distance from Before PWHT PWHT at 450 °C
the centerline | Low ‘ High ‘ Optimum | Low ‘ High ‘ Optimum
of WNZ (mm) HV HvV
-20 57.9 | 543 74.2 783 | 55.2 75.6
-18 62 | 57.9 86.1 78.7 | 67.3 79.7
-16 62.3 | 59.3 87.5 79.3 | 71.1 83.2
-14 62.6 | 59.4 86.1 80.5| 71.4 84.1
-12 63.2 | 60.8 87.5 81 | 71.8 84.1
-10 64.8 | 60.9 88.3 82.1| 72.7 84.8
-8 66.6 | 61.2 88.5 82.4| 73.5 85
-6 67.1 | 61.3 93.1 82.7 | 73.6 86.6
-4 72 | 615 96.4 85.6 | 74.3 87.2
-2 76.6 | 72.9 97 85.9 | 77.7 88.7
0 81.2 | 75.8 97.4 102.3 | 98.8 118
2 76.9 | 61.7 97.4 97.2 | 75.7 93
4 81.2 | 62.3 94.3 93.8 | 74.6 87.6
6 80.4 | 70 92.2 93.1| 73.2 87.3
8 77.7 | 69.7 91.2 91.9 | 72.1 87.1
10 76.2 | 68.4 89.4 90.9 | 71.6 85.8
12 74.6 | 68.4 89.4 87.6 | 71.3 84.9
14 74.2 | 67.5 88.5 87.2 | 71.2 84.5
16 73.7 | 67.2 87.2 85.8| 70 83.8
18 65.7 | 66.1 86.9 85.8| 69.4 83.2
20 62 | 63.4 83.8 85.2 | 64.8 80
L J

AMMHC plates reveals that the regions near the weld are
generally softer than the BM and weld nugget zone. This
softening is attributed to the dissolution of hardening particles
into larger precipitates, which are then overheated beyond
their peak aging during welding. However, the finer grain size
contributes to some recovery of hardness.

The maximum microhardness values on the advancing
side for low, HHI, and optimum FSW conditions are found to
be 97.2 HV, 75.7 HV, and 93 HYV, respectively. The minimum
microhardness values for the same conditions on the advancing
side are 85.2 HV, 64.8 HV, and 80 HYV, respectively. On the
retreating side, the maximum microhardness values for low,

HHI, and optimum FSW conditions are 85.9 HV, 77.7 HV,

and 88.7 HV, respectively, while the minimum values are 78.3
HV, 55.2 HV, and 75.6 HV, respectively. These variations in
microhardness are due to changes in grain size in the welded
zone during the FSW process, as microhardness is directly
related to grain size. The grain sizes in AMMHCs vary
depending on the HI and PWHT conditions.

UTS results before and after PWHT

The UTS results for PWHT at temperatures of 450°C
are detailed in table 6 [19-23]. For FSW AMMHCs, PWHT
at 450 °C results in UTS values for FSW AMMHC:s of 242
MPa, 199 MPa, and 248 MPa respectively for LHI, HHI con-
ditions, and OHI conditions. This demonstrates a 1.14% im-
provement (LHI condition) and 3.64% improvement (FSW
at optimal process parameter conditions) in UT'S compared to
FSW AMMHC:s (239.28 MPa) under optimal welding pro-

cess parameter conditions without PWHT.

Alloying elements are segregated during the FS welding
process, leading to areas of weakness. This solution annealing
helped in redistributing these elements more evenly through-
out the material, eliminating segregation and resulting in more
consistent mechanical properties. Recovery and recrystalliza-
tion processes during PWHT helped in reducing dislocation
density and forming new strain-free grains, which enhanced

UTS of this AMMHC:s.

It is confirmed from table 6. It is also evident from figure
13 that UTS slightly increases for LHI, HHI conditions, and
optimum FSW process parameter conditions. UTS attained
after PWHT for LHI, HHI conditions, and optimum FSW
process parameter conditions are 242 MPa, 199 MPa, and
248 MPa respectively. There is an increase of 1.14 %, 5.73%,
-16.84% and 3.64% respectively UTS as compared to corre-
sponding FSW AMMHC sample before PWHTT process. At-
tained UT'S after PWHT at 450 'C for LHI, HHI conditions,
and optimum FSW process parameter conditions are 32.24%,
8.19% and 35.52% higher than UTS (183 MPa) obtained for
research work during previous studies.

Conclusions

This current examination accords with the studies of solu-
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Table 6: UTS before and after PWHT at 450 °C.
Conditi i
onditions A | PWHT of FSWwelded | PWHT of FSW weldedat|  PWHT of FSW at optimum

Mechanical %B C with it T at LHI condition HHI condition condition
properties 5%B,C without PWH
UTS (MPa) 239.28 242 199 248

% of variation - 1.14 -16.84 3.64

| Before PWHT]
I After PWHT |
2301 242 23028 o2
225
200 198 199
©
2 150 4
o
=
= 100 -
50
0
LHI HHI OHI
HEAT INPUT CONDITIONS (kJ/mm)
Figure 13: Ultimate tensile strength for various HI conditions and opti-
mum FSW process parameter HI condition.

tion annealing on FSW samples with LHI, HHI conditions,
and OHI condition and their influence on the microstructure,

WNH, and UTS of FSW joints.

Solution annealing treatment enhances the UTS and
WNH of FSW AMMHC:s by promoting precipitation hard-
ening, relieving residual stresses, refining the microstructure,
reducing weld defects, enhancing solid solution strengthening,
modifying grain structure, eliminating segregation, and facil-
itating recovery and recrystallization processes. These micro-
structural and stress-related changes collectively contribute to
the improved mechanical properties observed after PWHT.

After solution annealing of the FSW joints at 450 °C,
abnormal grain growth occurs within the FSW zone. It is ob-
served that the maximum microhardness is consistently found
on the advancing side compared to the retreating side, regard-

less of the HI conditions and different TRSs.

After PWHT at 450 °C, there is an increase in micro-
hardness of 8.6% for LHI condition, 4.88% for HHI condi-
tion, and 25.27% for OHI, compared to FSW AMMHC:s.
Additionally, UTS shows a slight increase for LHI, HHI and
OHI conditions.

Specifically, after PWHT at 450 ‘C, UTS improves by
1.14% for LHI condition, decreases by 16.84% for HHI con-

dition, and increases by 3.64% for OHI condition, compared
to FSW AMMHCs.

After PWHT at 450 °C, the FSW AMMHC sample
treated under OHI exhibits the highest microhardness of 118
HYV and an improved UTS of 248 MPa.

The solution annealing treatment, followed by an artificial

aging cycle (450 °C for 60 min and 120 °C for 24 h), significantly
enhances the UTS and WNH of FSW AMMHC:s.
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