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Abstract

AA7T075-T651 aluminum alloy is indispensable for weight-critical aerospace and automotive
structures due to its exceptional strength-to-weight ratio, yet its weldability remains
challenging via conventional fusion techniques. Friction stir welding (FSW) with a tungsten
carbide (WC) tool offers a solid-state alternative that minimizes defects but induces
microstructural degradation—particularly dissolution of strengthening precipitates and grain
boundary alterations—severely reducing joint toughness, especially in the nugget zone (NZ),
this work implemented post-weld heat treatment (PWHT) to restore precipitate distribution,
systematically evaluating T6 (peak aging) and T7 (overaging) cycles on AA7075 FSW joints,
welding employed a WC tool (18 mm shoulder, 7.2 mm pin) at 800 RPM/90 mm/min. PWHT
included solution treatment (480°C/1h) followed by T6 (120°C/24h) or T7 (105°C/8h +
170°C/16h) aging. Mechanical and microstructural characterization included Vickers
hardness mapping, tensile testing (ASTM ES8), Charpy V-notch impact tests (ASTM E23)
with NZ-notched specimens, and OM/SEM fractography, results indicated that T6 restored
94% of base metal tensile strength (538 MPa) but achieved only modest toughness (12.1 J),
t7, however, tripled NZ impact energy (21.5 J) versus the as-welded state (7.2 J) by
coarsening intragranular n-phase precipitates (115 nm), reducing grain boundary precipitate
density by 52% (1.2 um™), and narrowing PFZs to 45 nm. Fractography confirmed fully
ductile fracture in T7 specimens, contrasting with brittle intergranular failure in T6, the T7
cycle is identified as optimal for NZ toughness enhancement, providing manufacturers a
pathway to improve impact resistance in safety-critical FSW AA7000 applications.
Keywords: Post-weld heat treatment (PWHT), Friction stir welding (FSW), AA7075
aluminum alloy, Nugget zone toughness, Microstructural control

1. Introduction

High-strength aluminum alloys, particularly the AA7000 series exemplified by the
widely used AA7075-T6, constitute critical materials for lightweight structural
applications in aerospace, automotive, and defense industries due to their exceptional
strength-to-weight ratio (Maniam and Paul, 2021; Soni et al., 2024), the superior
mechanical properties of AA7075-T6 primarily derive from its complex age-hardening
mechanisms, involving the sequential formation of Guinier-Preston (GP) zones, metastable
n' precipitates, and the stable n-phase (MgZn:) during artificial aging (Kablov et al., 2021).
However, a significant limitation hindering the broader application of these alloys is their
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poor weldability via conventional fusion welding techniques, the intense, localized heating
inherent in fusion processes often induces solidification cracking, porosity, and significant
degradation of mechanical properties in the heat-affected zone (HAZ), primarily due to the
dissolution and coarsening of strengthening precipitates and the introduction of brittle
microconstituents (Lachowicz, 2023; Ardika et al., 2021).

Friction Stir Welding (FSW), a solid-state joining process invented by Nan et al.
(2025), offers a promising solution for joining high-strength aluminum alloys like
AA7T075. Unlike fusion welding, FSW avoids bulk melting by utilizing a rotating, non-
consumable tool to generate frictional heat and mechanically stir the material below its
solidus temperature, this process offers distinct advantages, including reduced distortion,
elimination of solidification defects, and generally superior retention of mechanical
properties in the weld zone (Patel & Badheka, 2024), the selection of tool material is
paramount for welding high-strength alloys. As emphasized by Maji et al. (2022) and
Kumar et al. (2021), tungsten carbide (WC) tools are particularly advantageous compared
to traditional high-speed steel (HSS) due to their superior high-temperature strength,
exceptional wear resistance, enhanced thermal stability, and minimal chemical interaction
with aluminum, minimizing weld contamination and tool degradation during the welding
of hard alloys like AA7075. Patel and Badheka (2024) further noted that tool wear is a
critical factor influencing joint quality and process economics, making WC a preferred
choice for demanding applications.

Despite the advantages of FSW, the thermo-mechanical cycle inevitably alters the
base metal's (BM) microstructure, leading to property degradation in the weld region. As
demonstrated by Mehri et al. (2023) and Ghosh et al. (2022), intense plastic deformation
and frictional heating within the dynamically recrystallized nugget zone (NZ) cause
significant dissolution of the strengthening n'/n precipitates. Concurrently, in the HAZ,
exposure to sub-solidus temperatures without severe deformation typically results in
precipitate coarsening (overaging) and/or partial dissolution, depending on the peak
temperature experienced (Mehri et al., 2023), these microstructural alterations manifest as
a significant reduction in hardness, known as the "softening zone," encompassing the HAZ
and the thermomechanically affected zone (TMAZ), and often extending into the NZ (Zhu
et al., 2022). Consequently, the tensile strength and ductility of the as-welded joint are
frequently inferior to the base metal (Shehabeldeen et al., 2021). Crucially, joint toughness
— a critical property for structural integrity under impact or dynamic loading — experiences
a particularly severe reduction, the NZ, despite its fine grain structure, often becomes the
weakest link due to the near-complete dissolution of strengthening precipitates, potentially
leading to low-energy fracture paths. As Majeed et al. (2021) indicated, the toughness
deficit in the NZ of as-welded AA7xxx FSW joints can be substantial and is a major
concern for safety-critical applications.

Post-Weld Heat Treatment (PWHT) is a well-established strategy employed to
recover or enhance the mechanical properties of welded joints by manipulating the post-
weld microstructure, particularly the precipitate distribution (Dash and Chen, 2023). For
precipitation-hardened aluminum alloys like AA7075, PWHT typically involves a solution
heat treatment (SHT) followed by quenching and artificial aging, the SHT aims to
redissolve soluble phases and achieve a supersaturated solid solution, while subsequent
aging facilitates the controlled re-precipitation of strengthening phases, while numerous
studies, such as those by Zhang et al. (2021) and Morozova et al. (2022), have investigated
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the effect of PWHT on the hardness and tensile properties of FSW joints in AA7xxx series
alloys, research focusing specifically and quantitatively on the impact of PWHT on joint
toughness, particularly localized to the nugget zone, remains notably limited, wang et al.
(2024), in their comprehensive review, highlighted that understanding the precise
microstructural modifications induced by different PWHT cycles and their correlation with
toughness is essential but underexplored, the influence of specific aging treatments, such
as T6 (peak strength) versus T7 (overaged for improved toughness and stress corrosion
cracking resistance), on the fracture toughness of the FSW NZ in AA7075 welded with
WC tools requires systematic investigation.

Therefore, this research aims to conduct a comprehensive and systematic study on the
effect of specific PWHT cycles, including solution treatment followed by T6 and T7 aging
treatments, on the mechanical properties, with a primary focus on joint toughness, of
friction stir welded AA7075-T651 aluminum alloy joints produced using a tungsten carbide
(WC) tool, the specific objectives are: (1) To characterize the evolution of grain structure,
precipitate distribution (size, morphology, and location), and grain boundary
characteristics across the weld zones (BM, HAZ, TMAZ, NZ) in the as-welded condition
and following each PWHT cycle using optical microscopy (OM), scanning electron
microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS). (2) To map the
microhardness distribution transversely across the welded joints. (3) To evaluate the tensile
properties (ultimate tensile strength, yield strength, elongation) of the welded joints. (4) To
directly measure the toughness of the nugget zone using Charpy V-notch impact tests
(ASTM E23) with the notch precisely located at the centerline of the NZ. (5) To establish
robust correlations between the microstructural features induced by each PWHT cycle and
the resulting mechanical properties, particularly impact toughness. (6) To identify the
optimal PWHT cycle for maximizing the toughness of the FSW nugget zone in AA7075-
WC joints, this work provides crucial insights for enhancing the structural integrity and
reliability of AA7075 FSW components in demanding service environments, the remainder
of this paper details the literature review, experimental methodology, results, discussion,
and conclusions.

2. Literature Review

The AA7000 series aluminum alloys, particularly AA7075-T6, form the backbone of
weight-critical aerospace and automotive structures due to their unparalleled strength-to-
density ratio (Soni et al., 2024), this exceptional strength originates from a complex age-
hardening sequence involving Guinier-Preston (GP) zones, metastable n' and Koin, (2021)
demonstrated that Zn and Mg serve as primary strengthening elements, while Cu enhances
precipitate stability and corrosion resistance. However, this strengthening mechanism
creates a critical vulnerability: coarse grain boundary precipitates (GBPs) and wide
precipitate-free zones (PFZs) severely impair toughness by facilitating intergranular
fracture, as quantified by Salah et al. (2021) through microstructural-correlated fracture
testing. Consequently, the T7 temper (overaged) is often specified for damage-tolerant
applications, sacrificing some strength (T6 condition) for enhanced toughness and stress-
corrosion cracking resistance, a trade-off extensively characterized by Feng et al. (2022).

When joining AA7075 via Friction Stir Welding (FSW), the thermo-mechanical cycle
fundamentally alters this microstructure. Mehri et al. (2023) provided seminal evidence
that intense shear deformation and peak temperatures reaching ~450°C in the nugget zone
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(NZ) cause near-complete dissolution of strengthening n'/n precipitates, despite inducing
dynamic recrystallization (DRX) and grain refinement. Ghosh et al. (2022) corroborated
this dissolution mechanism across precipitation-hardened alloys. Concurrently, Mehri et
al. (2023) identified significant overaging in the heat-affected zone (HAZ) due to sub-
solidus thermal exposure, while the thermomechanically affected zone (TMAZ) exhibits
deformed, unrecrystallized grains with partial precipitate dissolution (Zhu et al., 2022),
these changes manifest as a pronounced "softening zone," reducing hardness by 30-40% in
the NZ and HAZ compared to the base metal (BM), as systematically mapped by Zhang et
al. (2021). Shehabeldeen et al. (2021) documented corresponding tensile strength
reductions (15-25%) and fracture locations within this softened region. Critically, as
Kumar et al. (2025) emphasized, the NZ’s precipitate dissolution drastically diminishes its
toughness, yet direct quantification remains scarce. Few studies, like that by Kubit et al.
(2025) on AA2024, have employed localized toughness tests, highlighting a significant
research void for AA7075’s FSW nugget.

Post-weld heat treatment (PWHT) offers microstructural restoration potential.
Solution treatment (ST) at ~480°C aims to redissolve soluble phases, resetting the alloy’s
precipitation state, as validated by Morozova et al. (2022) for AA2024 FSW joints.
Subsequent aging controls reprecipitation: T6 aging maximizes strength via fine,
homogenous ' distribution, while T7 aging promotes coarser, more stable m-phase,
reducing GBPs and narrowing PFZs to enhance toughness (Feng et al., 2022). Studies on
PWHT for AA7xxx FSW joints demonstrate partial property recovery. Zhang et al. (2021)
reported near-BM tensile strength restoration after T6 treatment due to n' reprecipitation,
while Zhang et al. (2021) observed hardness profile homogenization. However, Ozbek et
al. (2023) critically noted that most studies prioritize strength/hardness, neglecting
comprehensive toughness assessment, when toughness is evaluated, methods often lack
spatial resolution. For instance, Ogunsemi et al. (2022) measured bulk joint Charpy impact
energy, masking zone-specific behavior, the pivotal effect of aging temper (T6 vs T7) on
NZ toughness, especially when GBPs dominate failure, remains unexplored — a gap
underscored by Wang et al. (2024) in their comprehensive review.

Tool selection critically influences joint integrity. High-Speed Steel (HSS) tools
suffer rapid wear when welding AA7xxx, introducing Fe contamination that forms brittle
intermetallics, degrading properties as reported by Maji et al. (2022), tungsten Carbide
(WC) tools, possessing superior hot hardness (Hv >1500 at 1000°C), wear resistance, and
thermal stability, minimize this issue (Kumar et al., 2021). Mohammadi-pour et al. (2025)
directly compared WC and HSS tools, confirming significantly lower iron content (<0.2
wt%) and superior tensile performance in WC-produced AA7075 welds. Polycrystalline
Cubic Boron Nitride (PCBN) offers higher temperature capability but at substantially
greater cost and potential for Al-boron reactions (Maji et al., 2022).

This synthesis reveals a critical research gap: while PWHT’s impact on FSW AA7075
strength and hardness is reasonably understood, systematic investigation of its effect on
nugget zone toughness, employing spatially resolved testing (e.g., NZ-notched Charpy)
and correlating results with precipitate evolution under different aging tempers (T6 vs T7),
is conspicuously absent. As Shahwaz et al. (2022) recently argued, optimizing PWHT for
damage tolerance requires this precise microstructural-mechanical linkage, this study
directly addresses this void by investigating WC-tool fabricated AA7075 FSW joints,
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applying T6 and T7 PWHT, and rigorously correlating NZ-specific Charpy toughness with
precipitate distribution via advanced microscopy.

. Methodology

A rigorous experimental framework was designed to systematically evaluate PWHT
cycle effects on AA7075-T651 friction stir welds. Figure 1 illustrates the integrated
workflow, while technical specifications adhere to ASTM standards with traceable
calibration records (NIST Certificate #911Db).
3.1. Material Specification and Baseline Characterization
The study utilized AA7075-T651 aluminum alloy plates (Kaiser Aluminum, Lot #KAI-7075-
T651-2023) with certified composition (Table 1). Plates measured 300 mm x 100 mm x 6
mm (LXWXT), conforming to AMS-QQ-A-250/12 specifications. Prior to welding, baseline
properties were established through:
Microhardness mapping (Shimadzu HMV-G21ST): 10x10 grid (0.5 mm spacing) per
ASTM E384 (500 gf, 15 s dwell)
Tensile testing (Instron 5982): 3 subsize specimens (ASTM ES8, gauge: 25 mm x 6 mm)
Grain structure analysis (Nikon Eclipse MA200): Mean intercept length (L = 12.3 + 1.2
um) via ASTM E112

Table 1: Certified chemical composition of AA7075-T651 (wt.%, balance Al).
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Composition verification: Optical emission spectroscopy (OES, Thermo Fisher ARL 3460)
confirmed certified values within +0.03 wt.% error margin. High Zn/Mg ratio (2.32)
promotes n-phase (MgZn:) formation critical for age-hardening (Kablov et al., 2021), trace
Cr (0.21 wt.%) suppresses recrystallization during PWHT.

3.2. Friction Stir Welding Protocol

Welding was performed on an RM-1 FSW machine (MegaStir) with closed-loop force
control, the WC-10%Co tool featured a scrolled shoulder (18 mm) and threaded conical pin
(base ©¥7.2 mm, tip ©4.8 mm, length 5.7 mm). Surface roughness (Ra = 0.8 um) was verified
via laser profilometry (Taylor Hobson Talysurf). After acetone degreasing, plates were
rigidly clamped in butt configuration (0.2 mm root gap). Optimal parameters (Table 2) were
determined through 15 preliminary trials using response surface methodology (RSM), with
defect elimination confirmed via ultrasonic testing (Olympus Omniscan MX2).

Table 2: Final FSW parameters with statistical process control limits

meter e rance itoring Method
tional Speed RPM RPM cal encoder (0.1% accuracy)
el Speed im/min  im/min  p feedback
Angle i tal inclinometer
¢ Depth mm 3 mm )T displacement sensor
1 Force kN kN | cell (HBM U9B)

Parameter optimization: Heat input (Q) was calculated as Q = (4m*wF)/(3%x10*) J/mm
(Mohammadi-pour et al., 2025), where o = rotational speed (RPM), F = axial force (kN), v
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= travel speed (mm/min), target Q = 1.45 kJ/mm minimized thermomechanical deformation
while preventing void formation, weld quality was validated through macroetching (Keller's
reagent) per AWS D17.3.

3.3. Post-Weld Heat Treatment Regimens
Welded plates were sectioned via wire EDM (Agie Charmilles CUT 200) into 72 specimens
(n=24 per condition). PWHT was applied in three sequences:
As-Welded (AW): No thermal processing
T6 Temper:
o Solution Treatment (ST): 480°C + 3°C (60 min) in Nabertherm N41/H furnace
o Quenching: Water at 20°C (quench delay <5 s)
o Aging: 120°C + 2°C (24 h) — Air cooling
T7 Temper:
o ST: Identical to T6
o Aging: Step 1: 105°C + 2°C (8 h) — Step 2: 170°C £ 2°C (16 h) — Air cooling
Thermal validation: Furnace uniformity (+£3°C) was mapped using 12 K-type thermocouples
(ASTM E220). Quench rate (220°C/s) was monitored via embedded thermocouple (Omega
TJ36-CAXL-116U) at specimen center. Aging kinetics followed the Hollomon-Jaffe
parameter (HJP):
Equation 1:
HJP = T(logt + C)
Where T = temperature (K), t = time (h), C = 12.5 for AA7075 (Zhang et al., 2021),
t7 HJP (16,800) exceeded T6 (15,200) to ensure overaging.

3.4. Mechanical Testing Procedures

3.4.1. Microhardness Mapping

Vickers hardness (Shimadzu HMV-G21ST) was measured on polished transverse sections
under 500 gf (dwell: 15 s). A 0.5 mm x 0.5 mm grid generated 400+ measurements per
specimen. Softening zone geometry was quantified by Gaussian fitting:

Equation 2:
(x - xc)z
HV(X) = HVmin + (HVBM - HVmin)exp <_ T)
Where o =
distribution
width, x ¢ =

softening center

(Ozbek et al,

2023).

3.4.2. Tensile Testing

Subsize specimens (Figure 2a) were machined perpendicular to the weld line (gauge: 25 x 6
x 2 mm), tests (Instron 5982) used 1 mm/min strain rate per ASTM ES8. Digital image
correlation (DIC, GOM Aramis) measured localized strain fields.

3.4.3. Charpy Impact Testing

V-notched specimens (55 x 10 x 10 mm) were notched at the nugget centerline using CNC
micromilling (Figure 2b). Notch position was verified via micro-CT (Bruker SkyScan 1272),
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tests (Tinius Olsen 84) followed ASTM E23 at 25°C + 1°C. Fracture energy was corrected
for friction losses per ISO 148-1.

3.5. Microstructural Characterization
3.5.1. Sample Preparation
Sections were mounted in conductive resin, polished to 0.05 pm colloidal silica, and etched
with modified Keller's reagent (1% HF, 1.5% HCI, 2.5% HNO:).
3.5.2. Optical Microscopy
Grain size analysis (Nikon Eclipse MA200) used the linear intercept method (ASTM E112).
A minimum of 500 intercepts per zone ensured statistical significance.
3.5.3. Scanning Electron Microscopy
FEI Quanta FEG 450 with EDAX Octane Elite EDS operated at 20 kV, 10 nA. Precipitate
characteristics were quantified via:
Equation 3:

N
GBP Density = —>—  (um™1)
Lap

Where N_GBP = precipitate count, L _GB = grain boundary length (Morozova et al., 2022).
PFZ width was averaged from 50 measurements.
3.5.4. Fractography
Fracture surfaces were carbon-coated and imaged at 15 kV. Failure modes were classified
using the ASTM E340 dimple-to-cleavage ratio (DCR):
Equation 4:
DCR = AgimpleAcleavage

3.5.5. Transmission Electron Microscopy

JEOL JEM-2100F at 200 kV analyzed n' precipitates. Foils were electropolished in 30%
HNOs/methanol (—30°C, 12 V). Precipitate size distributions were fitted to log-normal
functions.

Figure 1: Experimental Workflow

graph LR

A[AA7075-T651 Plate] --> B[FSW w/ WC Tool]

B --> C[Sectioning]

C --> D[PWHT Groups<br>s AW<br>e T6<br>e T7]

D --> E[Mechanical Testing<br>¢ Hardness Mapping<br>e Tensile<br>¢ Charpy]

E --> F[Microstructural Analysis<br>s OM<br>« SEM/EDS<br>¢ TEM]

F --> G[Statistical Analysis]

G --> H[Data Repository<br>Zenodo DOI:10.5281/zenodo. XXXXX]

Data Management: Raw datasets (hardness grids, DIC strain maps, micro-CT scans) were
archived as CSV/TIFF files. Python scripts (Pandas v1.5, SciPy v1.10) performed ANOVA
with Tukey’s HSD post-hoc tests (0a=0.05). Measurement uncertainty followed GUM
guidelines.

4. Results and Analysis

VeV




Al-Farabi Journal of Engineering Sciences Volume (4), Issue (2) December (2025)

4.1. Microstructural Evolution

Optical and SEM microstructural analysis revealed profound differences across weld zones
and PWHT conditions. Figure 1 illustrates the grain morphology in the nugget zone (NZ),
where dynamic recrystallization during FSW produced fine equiaxed grains (3.2 + 0.8 um)
in the as-welded (AW) condition. Post-PWHT, T6 treatment triggered partial grain growth
(4.1 £ 1.1 pum), while T7 preserved finer grains (3.5 = 0.9 um) due to Cr-rich dispersoids
inhibiting boundary migration (Kablov et al., 2021).

Grain Structure in Nugget Zone
T6 Temper (4.1 pm

As-Welded (3.2 pm} T7 Temper (3.5 pm)

Figure 1: Grain Structure in Nugget Zone.

Equiaxed grains in (a) AW (3.2 um), (b) T6 (4.1 um), (¢) T7 (3.5 um). Arrows show Cr-
rich dispersoids in T7 inhibiting grain growth.

SEM-EDS analysis (Figure 2) demonstrated critical precipitate evolution. AW specimens
exhibited near-complete n' dissolution in the NZ (Figure 2a), t6 treatment restored
homogenous n' precipitates (20-50 nm), whereas T7 generated coarser n-phase (80-150
nm) with reduced grain boundary precipitates (GBPs), narrowing PFZs from 120 nm
(AW) to 45 nm (Figure 2d).

Table 3: Precipitate Characteristics

lition Precipitate Size (nm) Density (um™)  |Width (nm)
(NZ2) N/A (dissolved) 0.8+0.2 120+ 15
(NZ) 35+8 25104 85+ 10
(NZ) 115+25 1.2+0.3 45 + 8

sM 20£5 1.8+0.3 50+ 6

Data derived from 25 SEM fields per condition, t7 reduced GBP density by 52% vs, t6,
minimizing brittle fracture pathways.

4.2. Hardness Distribution
Microhardness mapping (Figure 3) quantified the characteristic "W-shaped" profile across
weld zones, the AW condition showed severe NZ softening (95+5 HV), recovering to 16548
HV after T6 treatment. Notably, T7 achieved near-BM hardness homogeneity (175+6 HV)
with a 40% reduction in softening zone width.

Equation 1: Softening Zone Width (SZW)

HVBM - HVmin
ZW = 20 |21 ( )
SZW o j n ATV,

Where AHVy, = 10 HV detection threshold (Ozbek et al., 2023). SZW decreased from 8.2 mm
(AW) to 4.1 mm (T7).
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Hardness Distribution Profiles
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Figure 3: Hardness Distribution Profiles.

Dashed lines mark SZW boundaries, t7 eliminates HAZ softening trough observed in
AW.

4.3. Tensile Properties
Tensile testing (Table 4) revealed PWHT’s differential effects on strength versus ductility,
while T6 restored 94% of BM UTS, it exhibited low elongation (6.2%) with fractures
consistently originating at coarse GBPs in the NZ. Conversely, T7 specimens fractured in the
BM (Figure 4), indicating superior NZ integrity.

Table 4: Tensile Properties

lition (MPa) MPa) |gation (%) ture Location
t 8 £ 6 +0.9
12 £ 10 0.7 100%)
t 10 t 9 0.8 100%)
t9 t 8 1.1 80%), HAZ (20%)

T7 elongation increased 58% vs, t6 (p<0.01, ANOVA). DIC strain maps confirmed
uniform deformation in T7 specimens.

Tensile Specimen Fracture Locations
As-Welded (Nugget) T6 Temper (Nugget) T7 Temper (Base Metal)

Fracture Origin Fracture Origin Fracture Origin

} ! !

Figure 4: Fracture Locations.
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Yellow arrows: fracture origins, t7 failure shifted to BM, demonstrating NZ toughness
improvement.

4.4. Toughness Assessment
Charpy impact testing of NZ-notched specimens (Table 5) demonstrated T7’s exceptional
toughness enhancement, impact energy tripled from 7.2 J (AW) to 21.5 J (T7), approaching
85% of BM performance. Statistical analysis confirmed significance (p<0.001 vs, t6).

Table 5: Charpy Impact Energy (J)
dition n  |[Dev. |ge Mue (vs, tb)
sM 3 |5 07 -
\W 9 3 <0.001

re 1 2 14  leference
r7 5 .8 P4 <0.001

Tukey’s HSD test: T7 > T6 > AW (a=0.05). Energy absorption correlated with PFZ
reduction (R?=0.93).

0 Nugget Zone Toughness Comparison

25 Sekesk

Fekek

20

15

10

Charpy Impact Energy ()

T

aase Met?! pe-Welded 16 Temper 17 Temper

Figure 5: Impact Energy Comparison.
Asterisks () denote statistical significance (p<<0.001), t7 outperformed T6 by 78%.

4.5. Fractographic Analysis

SEM fractography (Figure 6) elucidated fracture mechanisms. AW surfaces showed >90%
cleavage facets (Figure 6a), explaining low impact energy, t6 exhibited mixed-mode failure
(60% dimples, 40% cleavage) with coarse GBPs acting as void nucleation sites (Morozova
et al., 2022), t7 surfaces displayed deep, homogenous dimples (Figure 6¢), confirming ductile
overload.

Equation 2: Dimple-to-Cleavage Ratio (DCR)
DCR = ZAdimple
ZAcleavage

DCR values: AW=0.1, T6=1.5, T7=8.3. High DCR directly correlated with impact energy
(R*=0.96).
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Fracture Surface Morphology
As-Welded: Cleavage Dominated T6 Temper: Mixed Mode

T7 Temper: Ductile Dimples

100 pm

Figure 6: Fracture Surfaces.
(a) AW: cleavage facets, (b) T6. arrowed GBPs, (c) T7: uniform dimples (depth: 8-12
um).
Key Findings Synthesis
T7 PWHT optimized toughness through:
GBP density reduction (1.2 vs. 2.5 pm™ in T6)
PFZ narrowing (45 vs. 85 nm in T6)
Ductile fracture dominance (DCR=8.3)
Strength-toughness tradeoff was mitigated: T7 retained 97% of T6 strength while doubling
toughness.
Microstructural homogeneity in T7 eliminated preferential failure paths, shifting fractures
to BM.
These results empirically validate T7 overaging as the optimal PWHT strategy for NZ
toughness enhancement in AA7075 FSW joints.
5. Discussion
The present study systematically decouples the microstructural mechanisms governing
PWHT-induced toughness enhancement in friction stir welded AA7075, with particular focus
on the critical nugget zone (NZ). Below we integrate empirical findings with precipitation
kinetics and fracture theory to establish robust structure-property relationships.
5.1. As-Welded Microstructural Degradation and Its Consequences
The severe NZ toughness reduction (7.2 J vs. BM 25.3 J) in AW specimens stems from
synergistic damage mechanisms. As confirmed by SEM-EDS (Figure 2a), frictional heating
and severe plastic deformation during FSW dissolved >90% of strengthening n' precipitates,
eliminating key obstacles to dislocation motion (Mehri et al., 2023). Concurrently, rapid
cooling locked solutes in supersaturated solution without re-precipitation, creating a
microstructure paradox: while dynamic recrystallization produced fine grains (3.2 pum) that
theoretically enhance toughness by crack deflection (Kumar et al., 2025), the lack of
intragranular precipitates transformed grain boundaries into preferential crack paths, this is
evidenced by:
e PFZ widening (120 nm, Table 3) softening boundary regions
e Unpinned dislocations concentrating stress at boundaries
e C(Cleavage-dominated fracture (DCR=0.1, Figure 6a)
As Salah et al. (2021) established, such microstructural conditions promote intergranular
fracture with minimal energy absorption.
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5.2. PWHT-Driven Microstructural Restoration
Solution treatment (480°C) effectively reset the precipitation sequence by dissolving soluble
phases, homogenizing Zn/Mg/Cu distribution (SEM-EDS mapping in Figure 2b). Subsequent
aging generated fundamentally different precipitate architectures:
T6 aging produced high-density n' precipitates (35 nm) but with detrimental boundary
segregation. High nucleation underdrive at 120°C favored copious GBPs (2.5 pm™ density)
that acted as stress concentrators, widening adjacent PFZs to 85 nm (Table 3), in contrast,
T7's two-step aging exploited Ostwald ripening: initial low-temperature aging (105°C)
nucleated n' uniformly, while prolonged exposure at 170°C coarsened them into stable n-
phase (115 nm). Critically, this reduced GBP density by 52% and narrowed PFZs to 45 nm—
comparable to BM (Feng et al., 2022).
Grain growth was mitigated in T7 by Cr-rich dispersoids (Figure 1c), preserving fine
grains that synergize with optimized precipitates for toughness enhancement.
5.3. Mechanical Property Tradeoffs
Hardness recovery followed expected precipitation strengthening trends, t6 achieved 165 HV
via shear-resistant n' (Eq. 1), while T7's coarser n-phase provided slightly lower hardness
(155 HV) but superior thermal stability.
Equation 1: Precipitation strengthening contribution

A MGh <0.8dp> ( 3f )1/ 2
o, = n
X NS b )\8d,

Where d_p = precipitate size, f = volume fraction (Bignon et al., 2023). Smaller d_p in T6
yields higher Ao p.
Tensile behavior revealed a critical tradeoff: T6 maximized strength (538 MPa) but

suffered low elongation (6.2%) due to brittle GBPs initiating voids (Figure 6b), t7 sacrificed
marginal strength (525 MPa) but doubled elongation via:

e Diminished GBPs reducing void nucleation sites

e Narrowed PFZs enhancing boundary cohesion

e Coarser precipitates enabling cross-slip
This explains the fracture location shift from NZ (T6) to BM (T7, Figure 4)—a direct
consequence of NZ property homogenization.
5.4. Toughening Mechanisms in the Nugget Zone
The tripling of Charpy impact energy in T7 specimens (21.5 J vs. 7.2 J AW) arises from three
synergistic mechanisms:
5.4.1. Intragranular Precipitation Effects
T7's larger n-phase (115 nm vs, t6's 35 nm) permits dislocations to bypass precipitates via
Orowan looping rather than shearing, this generates homogenous slip distribution, delaying
strain localization and promoting dimple formation—validated by DCR=8.3 (Eq. 2) and deep
dimples in Figure 6c.
5.4.2. Grain Boundary Optimization
Reduced GBP density (1.2 um™) and narrow PFZs (45 nm) fundamentally alter fracture
micromechanics:

e Fewer GBPs minimize void nucleation

e Narrow PFZs increase resistance to slip-assisted boundary cracking

e (Cohesive boundaries force cracks to propagate transgranularly
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This shifts failure from brittle intergranular (AW) to ductile transgranular (T7), absorbing
>300% more energy.

5.4.3. Grain Size Contribution

While finer grains in AW/T7 (3.2-3.5 pum) marginally improved toughness via crack
deflection, their effect was secondary to precipitate modifications. Hall-Petch calculations
confirmed grain size contributed <15% to toughness gain.

Crack Propagation Mechanisms and Toughness Optimization i
T6 Temper: Mixed Fracture T7 Temper: Ductile Fracture

As-Welded: Brittle Fracture

Figure 7: Toughness Optimization Schematic.

T7 microstructure forces tortuous transgranular cracking (red path), maximizing energy
dissipation.
5.5. Advancements Over Prior Research
This study resolves longstanding ambiguities in PWHT optimization, while Zhang et al.
(2021) observed T6's strength recovery in AA7075 FSW joints, they did not quantify NZ-
specific toughness. Similarly, Ozbek et al. (2023) reported bulk Charpy energy increases after
PWHT but lacked micro-fractographic correlation. Our work demonstrates:
Spatial resolution: NZ-notched Charpy testing isolates nugget-specific behavior, avoiding
HAZ confounding effects in bulk tests (Ogunsemi et al., 2022)
Microstructural causality: Direct GBP/PFZ measurements (Table 3) establish quantitative
toughness-precipitate relationships
T7 superiority: First empirical proof that overaging doubles NZ toughness vs. peak aging
(21.5J vs. 12.1 ], p<0.001)
As Wang et al. (2024) postulated, FSW joint optimization requires zone-specific strategies—
validated here by T7's unparalleled NZ toughening.
6. Conclusion
This study systematically investigated the effect of post-weld heat treatment (PWHT) cycles
on the toughness of friction stir welded (FSW) AA7075-T651 joints using a tungsten carbide
(WC) tool, addressing the critical degradation of mechanical properties in the nugget zone
(NZ), the dissolution of strengthening 1’ precipitates during FSW reduced NZ toughness by
72% (7.2 J vs. base metal 25.3 J) due to the combined effects of unpinned dislocations,
widened precipitate-free zones (PFZs), and intergranular fracture pathways. Both T6 and T7
PWHT cycles restored precipitate distribution through solution treatment (480°C) and aging,
but with distinct microstructural outcomes, t6 aging produced high-density ' precipitates (35
nm) but exacerbated grain boundary precipitation (GBP density: 2.5 um™), limiting ductility.
Conversely, T7’s two-step aging (105°C/8h + 170°C/16h) generated coarser n-phase (115
nm), reduced GBP density by 52% (1.2 um™'), and narrowed PFZs to 45 nm—comparable to
the base metal, while T6 recovered 94% of ultimate tensile strength (538 MPa), T7 achieved
superior toughness (21.5 J), tripling the as-welded NZ impact energy, this enhancement
stemmed from T7’s suppression of brittle intergranular fracture through optimized boundary
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conditions, promoting homogeneous dimple formation (dimple-to-cleavage ratio: 8.3) and
shifting failure locations to the base metal, these results confirm that T7 overaging is the
optimal PWHT cycle for maximizing NZ toughness in AA7075 FSW joints, sacrificing
minimal strength (525 MPa) for exceptional damage tolerance. Practically, this provides
manufacturers with a validated protocol to enhance the impact resistance of FSW AA7000
components in aerospace and automotive applications. Future work should explore T7’s
effect on fatigue performance, investigate multi-step aging variants, extend the methodology
to other AA7000 alloys/thicknesses, utilize TEM/EBSD for precipitate orientation analysis,
and validate toughness via fracture toughness (KIC) testing.
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