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Abstract

This study investigates the fabrication and residual stress behavior of a 0.5 wt.% graphene-
reinforced AA2195 aluminum matrix composite, developed for advanced aerospace struc-
tural applications. The composite was synthesized via squeeze casting, followed by a
multi-pass hot rolling process and subsequent T8 heat treatment. The evolution of residual
stress was systematically examined after each rolling pass and during thermal treatments.
The successful incorporation of graphene into the matrix was confirmed through Energy-
Dispersive Spectroscopy (EDS) analysis. Residual stress measurements after each pass
revealed a progressive increase in compressive stress, reaching a maximum of −68 MPa
after the fourth hot rolling pass. Prior to the fifth pass, a solution treatment at 530 ◦C
was performed to dissolve coarse precipitates and relieve internal stresses. Cold rolling
during the fifth pass reduced the compressive residual stress to −40 MPa, and subsequent
artificial aging at 180 ◦C for 48 h further decreased it to −23 MPa due to recovery and stress
relaxation mechanisms. Compared to the unreinforced AA2195 alloy in the T8 condition,
which exhibited a tensile residual stress of +29 MPa, the graphene-reinforced composite
in the same condition retained a compressive residual stress of −23 MPa. This represents
a net improvement of 52 MPa, highlighting the composite’s superior capability to retain
compressive residual stress. The presence of graphene significantly influenced the stress
distribution by introducing thermal expansion mismatch and acting as a barrier to disloca-
tion motion. Overall, the composite demonstrated enhanced residual stress characteristics,
making it a promising candidate for lightweight, fatigue-resistant aerospace components.

Keywords: AA2195 aluminum alloy; graphene reinforcement; hot rolling; residual stresses

1. Introduction
In the pursuit of advanced lightweight materials for aerospace and space exploration

applications, aluminum–lithium (Al–Li) alloys have emerged as promising candidates due
to their high specific strength, excellent fatigue resistance, and superior corrosion behavior.
Among them, AA2195, a third-generation Al–Li–Cu–Mg–Zr alloy, is widely recognized
for its superior mechanical properties and low density, making it particularly suitable
for structural components such as fuel tanks, cryogenic storage vessels, and load-bearing
panels in launch vehicles. AA2195 has been extensively used in the fabrication of external
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hydrogen fuel tanks for aerospace applications, notably due to its excellent performance
under cryogenic conditions and the cyclic loading environments experienced during fuel
pressurization and launch. While the current study was conducted under ambient con-
ditions, the experimental insights are directly relevant to such service applications, as
residual stress plays a critical role in determining the long-term mechanical integrity and
dimensional stability of these structures under extreme operational environments. Specifi-
cally, residual stresses can influence fatigue performance, thermal mismatch behavior at
cryogenic temperatures, and resistance to stress corrosion cracking—all of which are crucial
considerations for hydrogen fuel tank materials [1,2]. To further enhance the performance
of AA2195, recent studies have explored the incorporation of high-strength nanoscale
reinforcements into the aluminum matrix. Graphene, a two-dimensional carbon nanoma-
terial, has gained significant attention due to its exceptional mechanical (~1 TPa Young’s
modulus), thermal (~5000 W/m·K conductivity), and electrical properties. When uniformly
dispersed, graphene serves as an effective load-bearing and dislocation-blocking phase in
metal matrix composites (MMCs), improving mechanical strength, wear resistance, and
thermal behavior [3,4]. However, achieving uniform dispersion and strong interfacial bond-
ing between graphene and the aluminum matrix remains a significant challenge [5,6]. A
graphene content of 0.5 wt.% in the aluminum matrix composite has been shown to ensure
uniform dispersion without agglomeration, resulting in improved mechanical properties.
Conversely, adding more than 0.5 wt.% graphene tends to cause agglomeration, which
adversely affects the mechanical strength. Therefore, 0.5 wt.% is considered the threshold
limit for enhancing the mechanical performance of aluminum metal matrix composites [7,8].
In this study, a 0.5 wt.% graphene-reinforced AA2195 composite was fabricated using the
squeeze casting technique, which promotes good wetting, minimal porosity, and uniform
particle distribution. The cast composite was subjected to multi-pass hot rolling, followed
by a T8 heat treatment cycle comprising solution treatment, cold rolling, and artificial
aging, to refine the microstructure and enhance mechanical behavior [9]. The residual stress
evolution was systematically evaluated after each stage of processing, including all rolling
passes and thermal treatments. Residual stresses in aerospace-grade materials arise due
to thermal gradients, plastic deformation, and phase transformations during processing.
These internal stresses can significantly affect the structural performance [10]. Compressive
residual stresses are desirable, as they inhibit crack initiation and propagation, thereby
extending the fatigue life and improving dimensional stability—particularly beneficial for
cyclic and cryogenic applications like hydrogen fuel tanks. In contrast, tensile residual
stresses can lead to distortion, premature failure, or stress corrosion cracking [11,12]. In
this work, the development of compressive residual stresses was attributed to thermal
expansion mismatch between graphene and the aluminum matrix, combined with dislo-
cation accumulation and microstructural constraints induced by the graphene particles.
The formation of T1 (Al2CuLi) and θ′ (Al2Cu) precipitates during artificial aging also
contributed to stress relaxation and mechanical strengthening [13]. The novelty of this
study lies in its comprehensive analysis of residual stress behavior in a graphene-reinforced
AA2195 alloy subjected to the complete T8 processing route. Although the experiments
were conducted at room temperature, the findings are relevant for applications involv-
ing hydrogen storage at cryogenic temperatures and under cyclic loading conditions, as
they provide fundamental insights into the internal stress evolution and stability in a
high-performance aerospace composite. This research highlights the potential of graphene
as a multifunctional reinforcement for next-generation hydrogen fuel tank materials in
aerospace systems.
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2. Materials and Methods
2.1. Fabrication of AA2195–Graphene Composite

In this study, the AA2195 aluminum alloy was used as the matrix material, and
graphene nanoplatelets (0.5 wt.%) were selected as the reinforcement due to their excep-
tional mechanical and thermal properties. The composite was fabricated using the squeeze
casting technique, which is known for producing high-quality metal matrix composites
with minimal porosity and excellent mechanical integrity. To achieve a homogeneous
dispersion of graphene within the AA2195 matrix, a two-step processing strategy was
employed. In the first step, a powder mixture comprising 0.5 wt.% graphene nanoplatelets
and 20 g of AA2900 aluminum alloy powder was prepared and subjected to high-energy
ball milling for 1 h. The AA2900 alloy was deliberately chosen due to its chemical composi-
tion closely matching that of AA2195, thereby ensuring compositional compatibility and
avoiding significant chemical mismatch during final consolidation. This compatibility is
essential to prevent the formation of undesirable intermetallic phases or chemical inhomo-
geneity in the composite. Moreover, the AA2900 powder acted as a carrier medium for
the graphene, enabling its uniform dispersion throughout the AA2195 melt during cast-
ing [9]. The blended powder was subsequently introduced into the molten AA2195 alloy,
which was melted in a graphite crucible using an induction furnace under an inert argon
atmosphere to prevent oxidation. The melt temperature was maintained at approximately
750 ◦C to ensure complete melting of the alloy and effective wetting of graphene particles.
Mechanical stirring was performed at 500 rpm for 10 min to enhance the uniform distri-
bution of graphene within the molten matrix. The resulting mixture was poured into a
preheated steel die (maintained at 250 ◦C) that was integrated into the squeeze casting
setup. A squeeze pressure of 110 MPa was immediately applied using a hydraulic press
and maintained until complete solidification was achieved. The solidified ingot was then
carefully removed and sectioned for further processing and characterization. This fabrica-
tion method yielded a dense, defect-free composite with uniform graphene dispersion, as
confirmed by Energy-Dispersive X-ray Spectroscopy (EDS) analysis.

2.2. Hot Rolling Process

The graphene-reinforced AA2195 composite ingots were cut to dimensions of
50 × 50 × 12 mm3 using wire electrical discharge machining (WEDM) to meet the require-
ments for the hot rolling process. Rolling was carried out using the New Field Laboratory
Rolling Machine, manufactured by New Field Engineers Pvt. Ltd., Mumbai, India, which
is equipped with top and bottom rollers, each having a diameter of 105 mm. The rolling
speed was maintained at 10 revolutions per minute (rev/min), and the applied rolling force
was 1 N/mm. The composite was hot-rolled through four successive passes, followed by
a single cold rolling pass, in accordance with the T8 heat treatment cycle adopted for the
AA2195 composite, as illustrated in Figure 1.

Prior to each hot rolling pass, the samples were reheated to 480 ◦C, a temperature
selected based on the recrystallization threshold of the aluminum alloy. This ensured
adequate ductility, enabling plastic deformation while minimizing work hardening, crack-
ing, and delamination. Reheating between passes promoted effective grain refinement
and a uniform strain distribution and reduced the likelihood of rolling defects [14]. After
hot rolling, the composite underwent solution treatment at 530 ◦C for 90 min to dissolve
soluble phases and homogenize the microstructure. Subsequently, a single-pass cold rolling
operation with minor thickness reduction was performed to introduce additional strain,
preparing the material for artificial aging, in line with the T8 heat treatment sequence
(solution treatment → cold working → artificial aging) [15]. The percentage elongation was
measured in both the rolling direction and the transverse direction, yielding values of 10%
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and 8%, respectively. The overall thickness reduction achieved was 4%. The detailed rolling
pass parameters used during the hot and cold rolling processes of the AA2195–graphene
composite are presented in Table 1.

Figure 1. T8 heat treatment cycle adopted for AA2195–graphene composite.

Table 1. Rolling pass entrance and exit parameters.

Rolling
Pass 1st 2nd 3rd 4th

So
lu

ti
on

Tr
ea

tm
en

t 5th

Entrance
(mm) 12 11.9 11.8 11.7 11.6

Exit (mm) 11.9 11.8 11.7 11.6 11.5

2.3. Residual Stress Analysis

Residual stress analysis plays a vital role in understanding the internal stress dis-
tribution within advanced metal matrix composites, particularly in high-performance
aerospace alloys such as AA2195 reinforced with graphene. During various manufacturing
stages—including squeeze casting, hot rolling, and T8 heat treatment—residual stresses
are inevitably introduced into the material. These stresses, which can be either tensile or
compressive in nature, arise due to factors such as thermal gradients, phase transforma-
tions, differential plastic deformation, and the mismatch in thermal expansion between
the matrix and reinforcement phases [16]. In the present investigation, a residual stress
evaluation was carried out to characterize the stress state of the composite and to assess the
influence of processing and graphene reinforcement on the material’s structural integrity
and performance. Surface-level residual stress measurements were conducted using a
Pulstec µ-X360n portable X-ray residual stress analyzer, manufactured by Pulstec Industrial
Co., Ltd., Hamamatsu, Japan. The analyzer has an effective X-ray penetration depth of
approximately 8–10 µm in aluminum alloys. For each processing condition, measurements
were repeated three times to ensure repeatability and statistical reliability. The average
values obtained from these measurements are reported and further discussed in the present
study. This system operates based on the cos α method—a non-destructive technique that
is capable of providing rapid, precise, and real-time measurements directly on the material
surface without altering the specimen. The analyzer’s portability, accuracy, and ability to
generate 2D stress maps make it particularly well-suited for in situ evaluations in labora-
tory environments. In this study, the single-incident angle method was employed using
a chromium (Cr) target X-ray tube, which is standard for aluminum-based alloys. This
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setup enabled the detection of the residual stress distributions on the surface, although the
measurements were limited to surface layers due to equipment constraints. The measured
residual stresses—whether tensile or compressive—can be attributed to the synergistic
effects of hot working, thermal contraction upon cooling, and the dispersion of graphene
particles, which act as effective barriers to dislocation movement. These factors collectively
contribute to the development and redistribution of internal stresses within the composite
matrix. Thus, residual stress analysis not only validates the mechanical stability of the
developed composite but also provides essential insights for further process optimization
and structural applications in aerospace components, where stress control is critical for
long-term performance and reliability [17]. Figure 2a presents the Pulstec µ-X360n portable
X-ray residual stress analyzer used in this study, and Figure 2b depicts the focusing point
of the X-ray beam on the surface of the graphene-reinforced AA2195 composite sample.

 

Figure 2. (a) Pulstec µ-X360n, a portable X-ray residual stress analyzer; (b) X-ray beam on the surface
of the graphene-reinforced AA2195 composite sample.

3. Result and Discussion
3.1. Microstructural Analysis of the Fabricated Composite

The fabricated composites were subjected to Scanning Electron Microscopy (SEM)
to examine their microstructural features. Additionally, Energy-Dispersive Spectroscopy
(EDS) was used to obtain accurate information on the elemental composition in both the
as-cast and T8 heat-treated samples.

Figure 3a shows the SEM image of the AA2195–graphene composite in the as-cast
condition, revealing a dendritic microstructure that is typically formed during solidification.
The surface morphology displays a network of primary and secondary dendrite arms
with relatively smooth grain boundaries. The microstructure also exhibits a uniform
dispersion of graphene particles within the aluminum matrix, appearing as fine dark
spots, which indicates the successful embedding of the reinforcement. Furthermore, no
casting defects were observed in the composite, confirming the effectiveness of the squeeze
casting process in producing a high-quality material. The presence of graphene appears to
promote grain refinement and structural uniformity, thereby enhancing the overall quality
of the composite. Figure 3b shows the corresponding EDS analysis of the as-cast sample,
confirming the presence of the respective alloying elements of AA2195, along with a distinct
carbon peak, attributed to the graphene reinforcement. Furthermore, Figure 3c shows the
elemental mapping, which demonstrates the homogeneous dispersion of graphene across
the scanned region. This confirms that the novel powder mixture is an effective method for
achieving uniform graphene dispersion within the matrix [9,18].
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Figure 3. SEM analysis of the AA2195–graphene composite in the as-cast condition: (a) surface
morphology, (b) EDS spectrum, and (c) elemental mapping.

Figure 4a presents the SEM image of the AA2195–graphene composite in the hot-rolled
and T8 heat-treated condition, which shows a significant transformation in microstructural
features compared to the as-cast state. The microstructure reveals refined aluminum grains,
and the graphene particles remain uniformly dispersed within the matrix. Additionally,
needle-shaped fine precipitates, such as T1 (Al2CuLi) and θ′ (Al2Cu) phases, can be ob-
served, as highlighted by the red box in the SEM micrographs. These nanoscale features
are uniformly distributed both within the grains and along the grain boundaries, having
precipitated during the artificial aging process conducted at 180 ◦C. These precipitates
contribute significantly to the enhanced mechanical properties by impeding dislocation
movement and improving interfacial bonding between the matrix and the reinforcement.
The uniform distribution of graphene, along with the presence of strengthening precipitates,
demonstrates the effectiveness of the combined thermomechanical and aging treatments in
refining the microstructure and enhancing the overall performance of the composite [19,20].
Figure 4b shows the corresponding EDS analysis of the hot-rolled and T8 heat-treated
samples. The analysis indicates the presence of the major alloying elements of AA2195,
along with a uniform distribution of graphene particles. The consistent intensity and distri-
bution of these elemental peaks confirm that the chemical composition remains stable and
well-integrated after thermomechanical processing. The presence of carbon peaks verifies
the successful retention and uniform dispersion of graphene sheets within the matrix, even
after exposure to high temperatures and mechanical deformation. Additionally, Figure 4c
shows the EDS mapping, which confirms the homogeneous distribution of elements across
the scanned area, indicating that no significant segregation or agglomeration occurred
during the rolling or aging processes.
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Figure 4. SEM analysis of the AA2195–graphene composite in the hot-rolled T8 condition: (a) surface
morphology, (b) EDS spectrum, and (c) elemental mapping.

3.2. Residual Stress Analysis of AA2195 in the As-Received Condition

The residual stress of the unreinforced (pure) AA2195 alloy was measured in the as-
procured ingot, which had been processed in accordance with the T8 heat treatment cycle.
The measured residual stress, as shown in Figure 5, was 29 MPa and primarily tensile in
nature. This tensile stress is mainly attributed to the thermal contraction mismatch during the
quenching phase of the T8 heat treatment. During rapid cooling after solution heat treatment,
the outer regions of the alloy contract more rapidly than the inner core, leading to the
development of surface tensile stresses. Furthermore, in the absence of reinforcing particles
such as graphene, there are no effective internal barriers to dislocation movement, allowing
tensile residual stresses to persist without significant relaxation or redistribution [21].

 

Figure 5. Residual stress distribution map of AA2195 in the as-procured condition.
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3.3. Residual Stress Analysis of AA2195–Graphene Composite in the As-Cast Condition

Figure 6 shows the residual stress distribution map of the graphene-reinforced AA2195
composite in the as-cast condition. The measured residual stress was −24 MPa, indicating
a primarily compressive nature. Compared to the unreinforced (pure) AA2195 alloy, which
exhibited a tensile residual stress of 29 MPa, the composite shows a notable reduction and
reversal in the residual stress state. This transition from tensile to compressive residual
stress is primarily influenced by the presence of uniformly dispersed graphene particles,
which alter the stress evolution by impeding dislocation mobility and promoting a more
uniform strain distribution during solidification [22]. Furthermore, the mismatch in the
coefficient of thermal expansion (CTE) between the aluminum matrix and the graphene
reinforcement leads to the development of internal compressive stresses upon cooling.
The graphene particles also contribute to localized constraint within the microstructure,
promoting a more uniform and stable residual stress distribution. Such compressive
residual stresses are generally beneficial to the composite’s performance, as they can
enhance fatigue resistance, delay crack initiation, and improve the overall dimensional
stability, especially under cyclic loading conditions [23,24].

 

Figure 6. Residual stress distribution map of the AA2195–graphene composite in the as-cast condition.

3.4. Residual Stress Analysis of AA2195–Graphene Composite After First Pass of Hot Rolling

After the first pass of hot rolling, which reduced the composite thickness from 12 mm
to 11.9 mm, a compressive residual stress of –31 MPa was recorded, as shown in Figure 7.
This stress primarily arises from the mismatch in thermal expansion coefficients and plastic
deformation behavior between the AA2195 matrix and the 2D graphene reinforcement.
The slight thickness reduction induced localized plastic strain, resulting in compressive
stress near the surface. Such compressive residual stresses are generally beneficial, as
they enhance the fatigue resistance and delay crack initiation. Prior to hot rolling, the
AA2195–graphene composite was homogenized at 460 ◦C for 24 h, in accordance with the
T8 heat treatment cycle. This homogenization step was essential for eliminating elemental
segregation and promoting a uniform microstructure. It facilitated the diffusion of solute
atoms such as Cu and Li, which are necessary for the formation of T1 (Al2CuLi) and
θ′ (Al2Cu) precipitates during subsequent aging [25]. Moreover, the process improved the
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thermal stability and dispersion of the 0.5 wt.% graphene particles within the aluminum
matrix, preventing agglomeration and enabling effective load transfer during deforma-
tion. By achieving a homogenized and supersaturated solid solution, the composite was
optimally prepared for hot rolling, which would further refine the grain structure and acti-
vate key strengthening mechanisms. As the rolling progresses through successive passes,
the magnitude of the compressive residual stress near the surface is expected to increase.
However, due to inhomogeneous plastic deformation and work hardening, the core may
experience a transition to tensile stress. Tracking the evolution of residual stresses after
each pass is therefore critical to understanding stress redistribution and its implications for
the dimensional stability and mechanical performance of the final rolled composite [26].

 

Figure 7. Residual stress distribution map of the AA2195–graphene composite after the first pass of
hot rolling.

3.5. Residual Stress Analysis of AA2195–Graphene Composite After Second Pass of Hot Rolling

Following the second hot rolling pass, the composite thickness was further reduced
from 11.9 mm to 11.8 mm. At this stage, the residual stress was measured to be −32 MPa,
as shown in Figure 8, indicating a slight increase in compressive stress compared to the
first pass. This incremental rise is primarily attributed to the accumulation of localized
plastic strain and the progressive work hardening of the matrix due to continued deforma-
tion [27]. Despite the minimal thickness reduction, the repeated rolling action continues to
densify dislocations and enhance the interaction between graphene particles and the sur-
rounding aluminum lattice. The persistence of surface compressive residual stress remains
beneficial—particularly in suppressing crack initiation, improving fatigue performance,
and maintaining surface integrity during the early stages of deformation. Moreover, the
graphene reinforcement continues to play a pivotal role in stabilizing dislocations and
hindering grain boundary migration. As additional hot rolling passes are applied, further
residual stress redistribution is expected—especially between the surface and core regions—
due to evolving strain gradients and differential constraint effects across the composite’s
thickness. Monitoring these stress transitions is essential for understanding the mechanical
response, structural reliability, and dimensional stability of the rolled composite plate [28].
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Figure 8. Residual stress distribution map of the AA2195–graphene composite after the second pass of
hot rolling.

3.6. Residual Stress Analysis of AA2195–Graphene Composite After Third Pass of Hot Rolling

Following the third pass of hot rolling, the composite thickness was further reduced
from 11.8 mm to 11.7 mm. Despite the relatively small reduction in thickness, a compressive
residual stress of –36 MPa was recorded, as shown in Figure 9, representing a noticeable
increase compared to the previous pass. This increment highlights the cumulative effect
of progressive plastic deformation and the internal stress fields that are introduced by the
stiff 2D graphene reinforcement. The uniformly dispersed graphene particles within the
aluminum matrix act as pinning sites at grain boundaries, effectively limiting grain growth
and restricting dislocation movement. This constraint leads to the accumulation of internal
stresses, which manifest as compressive residual stresses near the surface. Moreover, the
mismatch in mechanical properties between graphene and the aluminum alloy matrix induces
internal constraints during deformation, further contributing to stress buildup. This observed
increase in compressive residual stress, despite minimal thickness reduction, underscores the
role of graphene in enhancing the material’s response to rolling-induced deformation [29].
The interaction between dislocations and graphene reinforcements facilitates strain hardening
and promotes a more favorable compressive stress state, which can positively influence
fatigue resistance and dimensional stability in the final rolled composite [30].
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Figure 9. Residual stress distribution map of the AA2195–graphene composite after the third pass of
hot rolling.

3.7. Residual Stress Analysis of AA2195–Graphene Composite After Fourth Pass of Hot Rolling

After the fourth hot rolling pass, the composite thickness was reduced from 11.7 mm
to 11.6 mm. A substantial increase in compressive residual stress was observed at this stage,
reaching –68 MPa, as shown in Figure 10.

 

Figure 10. Residual stress distribution map of the AA2195–graphene composite after the fourth pass
of hot rolling.

This sharp rise, despite the minor thickness reduction, is primarily attributed to the
cumulative plastic strain that accumulated during the previous passes, the significantly in-
creased dislocation density, and the strong pinning effect exerted by the uniformly dispersed
graphene particles. By the fourth pass, extensive work hardening had occurred, markedly in-
creasing the internal dislocation density. The combination of this high dislocation content and
the effective barriers posed by the graphene reinforcements severely restricted dislocation mo-
bility. As a result, deformation became increasingly localized around the graphene particles,
intensifying the buildup of internal compressive stress [31]. Moreover, as rolling progresses,
strain tends to concentrate near the surface layers—where residual stresses are typically
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measured—leading to a disproportionate increase in compressive stress. The mechanical
mismatch between the hardened aluminum matrix and the stiff graphene sheets further
amplifies resistance to deformation, thereby promoting additional stress development. Thus,
the steep increase in residual stress is not solely a consequence of geometric thickness reduc-
tion but is instead the result of the nonlinear accumulation of plastic strain, intensified work
hardening, and interfacial constraints imposed by the graphene reinforcement—collectively
reaching a critical threshold during this stage of rolling [32].

3.8. Residual Stress Analysis of AA2195–Graphene Composite After Fifth Pass of Cold Rolling

Before the fifth pass, the composite underwent solution treatment at 530 ◦C in accor-
dance with the T8 heat treatment cycle. This step was introduced not only to dissolve
coarse pre-existing precipitates and bring alloying elements such as copper and lithium
into the solid solution, but also to relieve the residual stresses that had accumulated dur-
ing the preceding hot rolling passes. The solution treatment enhanced the composite’s
ductility and workability, thereby preparing it for the final deformation stage. Following
solution treatment, the composite was rapidly quenched in water to retain a supersaturated
solid solution [33].

The fifth pass was then carried out under cold rolling conditions, reducing the com-
posite thickness from 11.6 mm to 11.5 mm. This cold deformation introduced additional
strain hardening and a notable increase in the dislocation density. These dislocations subse-
quently act as effective nucleation sites for the formation of fine, strengthening precipitates
during the artificial aging process [8,34]. Interestingly, after the fifth pass, the measured
compressive residual stress decreased from −68 MPa to −40 MPa, as shown in Figure 11.
This reduction is primarily attributed to the stress-relieving effect of the high-temperature
solution treatment conducted prior to cold rolling. During the solution treatment, a sub-
stantial portion of the internal stresses that were generated in the earlier hot rolling stages
was relaxed. Although cold rolling typically contributes to dislocation multiplication and
additional strain, the relatively small thickness reduction in this pass, combined with the
improved ductility and uniform deformation characteristics at room temperature, limited
the buildup of residual stress. Moreover, cold rolling promoted a more homogeneous strain
distribution, thereby reducing localized strain concentrations that would otherwise elevate
residual stress levels [35].

Figure 11. Residual stress distribution map of the AA2195–graphene composite after the fifth pass of
cold rolling.
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3.9. Residual Stress Analysis of AA2195–Graphene Composite in the Artificially Aged
(T8) Condition

Following the fifth pass of cold rolling, the AA2195–graphene composite was sub-
jected to artificial aging at 180 ◦C for 48 h in accordance with the T8 heat treatment cycle.
During this stage, fine and uniformly distributed precipitates—primarily T1 (Al2CuLi) and
θ′ (Al2Cu)—were formed, significantly enhancing the mechanical strength of the compos-
ite [19]. Compared to the cold-rolled condition after the fifth pass, the residual compressive
stress in the artificially aged condition (180 ◦C for 48 h) decreased by 17 MPa, dropping
from –40 MPa to –23 MPa, as shown in Figure 12.

 

Figure 12. Residual stress distribution map of the AA2195–graphene composite in the artificially
aged T8 condition.

This reduction is primarily attributed to the recovery of dislocation structures and
the activation of stress relaxation mechanisms during artificial aging. These thermally
driven processes alleviate internal stresses induced by prior cold deformation while re-
taining the microstructural strengthening effects associated with work hardening and
dislocation density [36]. The precipitation of T1 and θ′ phases further contribute to mi-
crostructural stabilization, supporting both mechanical strength and stress relief. When
compared to the unreinforced AA2195 alloy in the T8 condition, the graphene-reinforced
composite retains a compressive residual stress state. This compressive nature is primarily
the result of the addition of 0.5 wt.% graphene particles, which introduce a significant
thermal expansion mismatch between the aluminum matrix and the graphene reinforce-
ment during cooling after solution treatment and aging [9,37]. Graphene possesses a much
lower coefficient of thermal expansion (CTE) compared to aluminum. During the post-
aging cooling, the greater contraction of the aluminum matrix relative to the embedded
graphene particles leads to the development of compressive residual stresses around the
reinforcement. Additionally, graphene serves as a strong barrier to dislocation motion and
acts to pin grain boundaries, both of which contribute to the accumulation and retention
of compressive stress within the matrix. This residual compressive stress is advanta-
geous for the composite’s performance, as it enhances fatigue resistance and suppresses
crack initiation under cyclic loading—properties that are especially critical for aerospace
structural applications [38,39].
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4. Conclusions
➢ A novel 0.5 wt.% graphene-reinforced AA2195 composite was successfully fabricated

using squeeze casting, followed by multi-pass hot rolling and T8 heat treatment,
resulting in a homogeneously strengthened aluminum matrix composite.

➢ Microstructural analysis of SEM images confirmed the uniform distribution of
graphene particles within the AA2195 matrix, accompanied by significant grain
refinement and the formation of fine precipitates such as θ’ (Al2Cu) and T1 (Al2CuLi).

➢ The addition of graphene particles significantly influenced the residual stress behavior
of the composite. The final stage of the T8 condition exhibited compressive resid-
ual stress (−23 MPa), in contrast to the parent alloy, due to the thermal expansion
mismatch and interfacial constraint effects induced by graphene.

➢ Throughout the rolling passes, residual stress was carefully monitored. The fifth
pass, conducted under cold rolling conditions, increased the strain hardening and
dislocation density, which subsequently relaxed during artificial aging. The overall
reduction in residual stress (from −68 MPa to −23 MPa) confirmed effective stress
stabilization without compromising strength.

➢ Compared to the unreinforced parent alloy, the graphene-reinforced AA2195 com-
posite exhibited enhanced compressive residual stress characteristics, making it a
promising candidate for lightweight, high-strength aerospace applications, especially
in components that are subjected to cyclic loading and fatigue.
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