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Abstract

Composite materials, encompassing both metal matrix composites (MMCs) and polymer matrix
composites (PMCs), exhibit complex processing-property relationships that fundamentally govern their
mechanical performance across diverse applications. This study presents a unified statistical
framework for analyzing hardness characteristics in composite systems, using aluminum-tungsten
carbide (AI-WC) metal matrix composites as a representative model system while establishing
connections to polymer matrix composite behavior. The investigation employed comprehensive
processing parameter optimization, microstructural characterization, and advanced statistical analysis
to quantify processing-property relationships and their variability across composite types. Al-WC
composites were fabricated through powder metallurgy with WC reinforcement levels of 2-6 wt% and
sintering temperatures of 400-600°C. Results demonstrate that hardness enhancement in Al-WC
composites follows predictable trends governed by volume fraction and processing parameters,
achieving maximum hardness values of 83.8 HRB for 6% WC content sintered at 600°C. Comparative
analysis with polymer composite literature reveals analogous behavior patterns, where both systems
exhibit similar volume fraction dependencies (Hc o« Vf0.4-0.6) and processing sensitivity despite
fundamentally different enhancement mechanisms—dislocation blocking in MMCs versus stress
transfer optimization in PMCs. Statistical modeling successfully captures property variability across
both composite types, with correlation coefficients exceeding 0.85 for hardness prediction models. The
developed framework provides quantitative tools for processing optimization in both metal and polymer
matrix systems, contributing to fundamental composite science understanding while offering practical
guidelines for material design across diverse composite applications.
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Composite materials, consisting of two or more
chemically and physically distinct phases combined
at the macroscopic level, represent one of the most
versatile and rapidly expanding classes of
engineering materials [1]. These materials leverage
the synergistic combination of constituent
properties to achieve performance characteristics
unattainable by individual components. This makes
them essential for applications ranging from
aerospace structures to biomedical devices [2].
Among the diverse composite classifications, metal
matrix composites (MMCs) and polymer matrix
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composites (PMCs) constitute two major categories. While employing different matrix materials and
processing routes, they share fundamental principles governing their mechanical behavior and
processing-property relationships [3, 4].

The relationship between processing conditions, resulting microstructure, and final properties forms
the cornerstone of composite materials science. This relationship transcends specific material systems
to establish universal design principles [5]. In both MMCs and PMCs, key factors critically influence
mechanical performance. These factors include reinforcement volume fraction, size and distribution,
interface quality, and processing-induced defects [6, 7]. MMCs typically require high-temperature
processing routes such as stir casting, powder metallurgy, or infiltration techniques. These techniques
must carefully control particle wetting and interfacial reactions. In contrast, PMCs rely on polymer cure
kinetics, fiber placement, and consolidation processes that optimize stress transfer efficiency [8, 9].

Hardness enhancement in composite materials occurs through fundamentally different yet analogous
mechanisms. These mechanisms reflect the underlying physics of each matrix type while following
common composite mechanics principles [10]. In metal matrix composites, hardness improvement
primarily results from the impediment of dislocation motion by hard ceramic reinforcements, grain
refinement effects, and load transfer from the ductile matrix to rigid particles [11,12]. The Orowan
strengthening mechanism, where dislocations bow around hard particles, contributes significantly to
hardness enhancement in MMCs. The strengthening effect is proportional to the particle volume
fraction and inversely related to particle spacing.

Conversely, polymer matrix composites achieve hardness enhancement through different
mechanisms. These include efficient stress transfer from the viscoelastic matrix to rigid reinforcements,
changes in polymer morphology and crystallinity, and constraint of molecular motion in the polymer
chains [13,14]. In PMCs, the reinforcement effectiveness depends on aspect ratio, surface treatment,
and matrix-filler compatibility. Nanoscale fillers often provide disproportionate property improvements
due to large surface area effects [15].

Aluminum-tungsten carbide composites serve as an exemplary metal matrix system for developing
and validating composite analysis methodologies. This is due to their well-characterized processing
routes, established property-microstructure relationships, and industrial relevance [16,17]. The AI-WC
system exhibits typical MMC behavior including processing challenges related to particle wetting,
interfacial reaction control, and porosity minimization. It also offers sufficient property enhancement
to justify commercial applications [18]. By establishing comprehensive analysis protocols for AI-WC
composites and demonstrating their broader applicability to composite systems generally, this work
contributes to fundamental composite science while providing practical tools for material development
across diverse matrix types.

THEORETICAL FRAMEWORK FOR COMPOSITE SYSTEMS

The mechanical behavior of composite materials, regardless of matrix type, follows established
micromechanics principles that relate constituent properties to overall composite performance. For both
metal and polymer matrix systems, the effective elastic modulus can be estimated using modified rule
of mixtures approaches:

Ec=nlxno x Vf x Ef + Vm x Em (1)

where Ec, Ef, and Em represent composite, reinforcement, and matrix moduli respectively, Vf and
Vm are volume fractions (Vf + Vm = 1), and nl and no are length and orientation efficiency factors
accounting for reinforcement geometry and alignment [19].

For hardness characteristics specifically, the relationship becomes more complex due to the localized
nature of indentation testing and the different deformation mechanisms in MMCs versus PMCs:
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Hc = Hm + k x Vfn x (Hf - Hm) x f(d,o) (2)

where Hc, Hf, and Hm are composite, reinforcement, and matrix hardness values, k and n are empirical
constants dependent on processing conditions and interface quality, and f(d,c) represents a function
accounting for particle size (d) and interface strength (o) effects [20].

Both MMCs and PMCs exhibit strong processing-property relationships that can be described
through similar mathematical frameworks despite different underlying physics. For sintering-based
MMCs like AlI-WC systems, the relationship between processing temperature (T), time (t), and resulting
properties follows:

Property = A x exp(-Q/RT) x tm x Vfn 3)

where A is a material constant, Q is activation energy (kJ/mol), R is the gas constant (8.314 J/mol-K),
and m, n are empirical exponents [21].

For polymer matrix composites, cure Kinetics and processing conditions affect properties through
analogous relationships:

Property = B x ap x Tprocessq x Vir (@)

where a is degree of cure, B is a material constant, and p, g, r are system-specific exponents [22].

EXPERIMENTAL METHODOLOGY
Materials and Processing

Pure aluminum powder (99.5% purity, particle size 45-75 um) served as the matrix material, while
tungsten carbide (WC) particles (particle size 2-5 um, 99% purity) functioned as reinforcement. The
selection of the AI-WC system provides representative MMC behavior while enabling comparison with
polymer composite literature where similar particle sizes and volume fractions are commonly
employed.

Composite fabrication followed powder metallurgy routes typical of MMC processing. The
procedure included mechanical mixing for 2 hours at 200 rpm, cold pressing at 250 MPa, and sintering
at temperatures ranging from 400-600°C. WC reinforcement levels of 2, 4, and 6 wt% (corresponding
to approximately 1.8, 3.6, and 5.4 vol%, respectively) were investigated to establish volume fraction
effects comparable to those reported in polymer composite studies [23]. The processing methodology
is illustrated in Figure 1.

Al powder (99.5% purity) WC particles (99% purity)
45-75 um 2-5um

A 4

Mechanical mixing 2 hrs.
200 rpm

Cold pressing
250 MPa

Sintering
400-600°C

A 4
Al-WC Hardness testing
composite HRB and Vickers

Figure 1. Processing methodology flowchart for AI-WC composite fabrication.
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Processing Methodology

Processing methodology flowchart for AI-WC composite fabrication showing powder metallurgy
route with key processing parameters: mechanical mixing (2 h, 200 rpm), cold pressing (250 MPa), and
sintering (400-600°C, 2 h). Scale: Process flow diagram.

Characterization Methods
Hardness Testing

Both Rockwell hardness (HRB scale) and Vickers microhardness testing (load: 500 gf, dwell time:
15 s) were employed to capture bulk and localized mechanical properties. This dual approach enables
comparison with polymer composite studies where nanoindentation and microhardness testing are
standard characterization methods. At least five measurements were taken for each sample to ensure
statistical reliability, with results reported as mean + standard deviation.

Microstructural Analysis

Scanning electron microscopy (SEM, JEOL JSM-6380LA, accelerating voltage: 15 kV, working
distance: 10 mm) and optical microscopy (Olympus BX51M, magnification: 50-1000x%) characterized
reinforcement distribution, matrix-particle interfaces, and processing-induced defects. Samples were
prepared by standard metallographic procedures including grinding (up to 2000 grit SiC paper),
polishing (diamond paste down to 1 pm), and etching (Keller’s reagent: 2 mL HF, 3 mL HCI, 5 mL
HNO3, 190 mL H,0, 10 s immersion). These analyses parallel standard characterization approaches
used in polymer composite research.

Statistical Analysis

Design of experiments (DOE) methodology systematically investigated processing parameter effects
using a full factorial design (3 WC levels x 3 temperatures = 9 experimental conditions, with 3 replicates
each). Regression analysis developed predictive models applicable across composite systems [24].
Analysis of variance (ANOVA) was performed to determine statistical significance of processing
parameters, with significance level set at p < 0.05.

RESULTS AND DISCUSSION
Al-WC Composite Characterization Within Composite Science Context

The investigation of WC reinforcement effects on Al matrix hardness reveals behavior consistent
with fundamental composite mechanics principles applicable across material systems. Figure 2 presents
hardness enhancement as a function of WC volume fraction, demonstrating the power-law relationship
characteristic of particulate composites:

Effect of Wc content on hardness enhancement for different sintering

temperatures
—=a— 400°C (Actual)
90
H.=H,, x (1+k x Vf°-52) ---B3--- 400°C (Model)
80 —e— 500°C (Actual)
_ ---©---500°C (Model)
o 70
nI: —4— 600°C (Actual)
'z 60 ---A---600°C (Model)
<
g 50
T
40
30

2 4 6

WC content (Wt%)
Figure 2. Hardness enhancement as a function of WC volume fraction.

© STM Journals 2026. All Rights Reserved S422



Journal of Polymer & Composites
Volume 14, Special Issue 2
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

Hcomposite = Hmatrix x (1 + k x V/f%2) (5)

This exponent value (n = 0.52) falls within the range typically observed for polymer matrix
composites (n = 0.4-0.6), suggesting universal volume fraction dependencies across composite types
[25]. The processing temperature effects are summarized in Table 1, showing optimal performance
achieved at 600°C sintering temperature.

Hardness vs WC Content

Hardness enhancement as a function of WC volume fraction for different sintering temperatures
(400°C, 500°C, 600°C), demonstrating power-law relationship characteristic of particulate composites.
Each data point represents mean + standard deviation of five measurements. Units: Hardness in HRB
(Rockwell B scale); WC content in wt%. SEM analysis reveals uniform WC particle distribution within
the aluminum matrix, with minimal particle clustering observed for reinforcement levels up to 6 wt%
(Figure 3). This dispersion quality directly correlates with hardness enhancement. This is consistent
with composite science principles where reinforcement distribution governs property development in
both MMCs and PMCs.

SEM Micrographs

SEM micrographs showing: (a) uniform WC particle distribution in Al matrix for 4 wt% WC
composites (scale bar: 50 pm, magnification: 500x), (b) Al-WC interface quality demonstrating good
bonding with minimal reaction products (scale bar: 10 pm, magnification: 2000%), and (c)
microstructural evolution with increasing WC content showing particle distribution at 6 wt% (scale bar:
50 um, magnification: 500x). Imaging conditions: 15 kV accelerating voltage, secondary electron
mode.

Table 1. Effect of processing parameters on al-wc composite hardness.

WC content (wt%o) Sintering temp. (°C) Hardness (HRB) | Enhancement (%) | Std. Dev. (HRB)
0 (Pure Al 400 28.0 0 +1.2
2 400 35.2 25.7 +1.8
2 500 42.8 52.9 2.1
2 600 48.6 73.6 +1.9
4 400 41.7 49.1 +2.3
4 500 52.3 86.8 +2.6
4 600 61.4 119.3 2.4
6 400 48.9 74.8 +2.8
6 500 67.2 140.1 +3.1
6 600 83.8 199.3 +2.9

Note: Hardness values represent mean of five measurements. Enhancement percentage calculated relative to pure aluminum
baseline (28.0 HRB at 400°C). Std. Dev. = Standard Deviation.

m \WC particle
Interface
Al matrix 2 Wt%

4 wt%

: sush .
() R ) (©)
Figure 3. SEM micrographs showing WC particle distribution and Al-WC interface. (a) Uniform WC

distribution 4wt% WC; (b) AI-WC interface good bonding; (c) WC content evolution increasing
reinforcement.

"l'. ¢
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Interface analysis shows good bonding between Al matrix and WC particles, with minimal interfacial
reaction products observed. This clean interface condition optimizes load transfer efficiency. This is
analogous to the role of coupling agents and surface treatments in polymer matrix composites [26].

The microstructural observations across the investigated temperature range highlight the close
dependence of bonding quality on thermal conditions during sintering. At lower temperatures (400-
450°C), the inter-particle diffusion remains incomplete, leading to weak wetting and non-uniform load
transfer within the matrix. As the temperature approaches 550-600°C, enhanced atomic diffusion
promotes intimate bonding between aluminum and WC particles. This results in a denser structure with
higher resistance to localized deformation. However, exposure to temperatures beyond this range can
trigger interfacial reactions that form brittle phases such as aluminum carbide (Al,C3). These phases
adversely affect toughness and long-term stability.

Comparable behavior has been reported in other particle-reinforced aluminum systems such as Al-
SiC and Al-Al,Os. This confirms that excessive sintering energy can deteriorate mechanical integrity
despite apparent densification. The present findings therefore reinforce the importance of maintaining
an optimal thermal window to balance bonding improvement and phase stability. Uniform WC
distribution is equally important. Agglomerated regions create local stress concentrations that act as
crack initiation sites under indentation loading. This correlation between dispersion quality and
hardness performance underscores that reinforcement addition alone cannot guarantee property
enhancement unless accompanied by strong and defect-free interfaces. The same principle governs
polymer composite behavior, where the degree of adhesion between matrix and filler primarily dictates
stress transfer efficiency and overall mechanical reliability.

Comparative Analysis with Polymer Matrix Composites

Comparison of Al-WC hardness enhancement with polymer composite literature reveals remarkable
similarities in fundamental behavior patterns. Figure 4 presents a comparative analysis showing
normalized hardness enhancement data for various composite systems. The convergence of power law
exponents (0.46-0.55) across diverse composite systems demonstrates universal composite behavior
that transcends specific matrix-reinforcement combinations

Comparative hardness enhancement across composite systems

~&- Al-WC (This work)
200 | —e= Carbon/epoxy
~4~ SiC/polymer

175 Nano-AL0,/PMMA
R -+ B,/AI8011
€
g 150
3
s
€ 125
[
(72}
8
S 100
[+
T

75

50

1 2 3 4 5 6 7 8
(a) Volume fraction (%)
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Universal volume fraction dependencies

n ———- Average = 0.50
H o« V; g
0.56 -
= 054 -
1=
2 052 -
8
é 05 4 e e e .
g
2 0.48 -
o
[a W
0.46 -
0.44 +
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(b) Composite system

Figure 4. (a, b) Comparative analysis of normalized hardness enhancement.

Table 2. Comparative analysis of hardness enhancement across composite systems.

Composit [Matrix Reinforcement Vol. Hardness Power |Processing Method |Refere
e System [Type Fraction | Enhancement Law nce
Range (%) Exponent
(vol%o)
Al-WC  |Metal Tungsten  Carbide| 1.8-5.4 85-215 0.52  |Powder metallurgy,|Present
(Aluminum |particles (2—5 pm) sintering 400-600°C |study
)
Epoxy- |Polymer |Carbon nanotubes| 1.0-5.0 60-180 0.48  |[Solution  mixing,|[27]
Carbon  |(Epoxy) (d: 10-30 nm, L: 1- curing 80°C
5 um)
Polymer- |Polymer |Silicon carbide| 2.0-8.0 70-200 0.55 |Hand lay-up, RT|[28]
SiC (Polyester) |particles (5-10 pum) curing
PMMA- |Polymer |Nano-alumina 0.5-3.0 45-160 0.46 In-situ [29]
Al,O3 (PMMA) |particles (20-50 nm) polymerization,
70°C
Al8011- |Metal Boron carbide| 1.0--4.0 55-175 0.49 Stir casting, 750°C |[30]
B.C (AlI8011) |particles (3-8 um)

Note: Volume fraction ranges converted from weight percentages where necessary using constituent densities. Hardness
enhancement calculated relative to unreinforced matrix baseline. Power law exponent determined from H_c = H_m(1 +
kV_f~n) relationship. d = diameter; L = length; RT = room temperature.

Comparative Analysis

Comparative analysis of normalized hardness enhancement across different composite systems,
showing universal volume fraction dependencies between Al-WC (present study) and polymer matrix
composites from literature. Normalized hardness calculated as (H_composite - H_matrix)/H_matrix.
Data points from literature sources [27—30] are included for comparison. Units: Normalized hardness
(dimensionless); Volume fraction (vol%).

Table 2 presents a comparative analysis of hardness enhancement across various composite systems.

Table 3 provides detailed information on polymer composite systems, including their hardening
mechanisms and processing methods.
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Table 3. Detailed polymer composite systems-hardening mechanisms and processing details.

Polymer Matrix Reinforcement |Processing Hardening Key Trends Refe
System Properties Details Conditions Mechanism renc
e
Epoxy/ Epoxy resin (E|Multi-walled Solution mixing in|Stress transfer|Hardness  increases|[27]
Carbon =3.2 GPa, H =|CNTs, d: 10-30|acetone, sonication|{from matrix to|with vol% up to 3%,
Nanotube 15 Shore D)  [nm, L: 1-5 um,|2h, curing 80°C/6h|CNTSs; constraint|then plateaus due to
aspect ratio:|+ 120°C/2h of polymer chain|agglomeration;
100-500 mobility; CNT|optimal  dispersion
network formation |critical
Polyester/SiC |Unsaturated |SiC particles,|Hand lay-up,|Load transfer to|Linear enhancement|[28]
polyester 5-10 pum, mechanical rigid particles;|up to 5 vol%, then
(E = 2.8 GPa,|irregular stirring, RT curing|reduced free|diminishing returns;
H = 80 Shore|morphology 24h + post-cure|{volume in|particle  clustering
D) 60°C/4h polymer; increased|reduces efficiency
crosslink density
PMMA/ Poly(methyl  |Nano-alumina, |In-situ Nanoparticle- Strong enhancement|[29]
Nano-Al,Oz |methacrylate) |20-50 nm,|polymerization,  |polymer at low vol% (<2%);
(E = 3.0 GPa,|spherical ultrasonic interaction; surface treatment
H = 90 Shore dispersion, increased Tg;|improves dispersion;
D) 70°C/12h restricted large surface area
polymerization segmental motion |effects
Epoxy/ Epoxy  resin|E-glass fibers, d:|Hand lay-up with|Fiber load-|Enhancement [31]
Glass Fiber |(E = 3.5 GPa,|10-15 um,|roller bearing; stress|proportional to fiber
H = 85 Shore|chopped (3-6|consolidation, transfer via|length and vol%;
D) mm) vacuum  bagging, |interface; fiber|orientation
curing 80°C/4h bridging significantly affects
properties
Polyurethane/ | Thermoplastic |[Fumed silica, 10-|Melt mixing at|Hydrogen bonding|Dramatic [32]
Silica PU 20 nm, surface-{180°C, twin-screw|network; physicallenhancement at low
(E = 0.5 GPa,|modified extruder, injection|crosslinking; loadings (1-3 vol%);
H = 75 Shore molding particle-polymer |surface modification
A) interaction essential for
dispersion

Note: E = Elastic modulus; H = Hardness; d = diameter; L = length; Tg = glass transition temperature; RT = room
temperature. Hardening mechanisms are listed in order of relative importance for each system.

Statistical analysis of processing parameter effects shows similar sensitivity patterns across
composite types. In Al-WC systems, sintering temperature variations of £50°C result in hardness scatter
of approximately 12-15%. Polymer composite studies report comparable variability (10-18%) from cure
temperature fluctuations. This indicates that processing control requirements are similar across matrix

types.

Statistical Modeling and Universal Composite Framework
Multiple regression analysis developed a comprehensive model relating processing parameters to
hardness outcomes:

Hpredicted = 28.5 + 8.2 x VWC + 0.045 x Tsinter + 2.1 x (VWC x Tsinter)/100 (6)

where Hpredicted is the predicted hardness in HRB, VWC is the WC content in wt%, and Tsinter is
the sintering temperature in °C.

This model achieves R2 = 0.89 for AlI-WC composites, with similar correlation quality reported for
polymer composite systems in literature. Figure 5 shows the correlation between predicted and
experimental hardness values, demonstrating the model’s accuracy across the investigated parameter
range.
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Model validation: Predicted vs experimental hardness

W Xtsinter
Hpredicted =285+ 8'2VWC+O'O45Tsinter +2'1 = 100 .
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Predicted hardness (HRB)

Figure 5. Correlation between predicted and experimental hardness values.

The regression model developed in this study effectively represents the combined effects of sintering
temperature and reinforcement level on hardness. It captures both linear and non-linear trends through
interaction terms. Inclusion of these interaction effects provides valuable insight into how simultaneous
changes in processing parameters influence material response. The approach aligns well with modern
data-driven methods used for process optimization in polymer composite research. In polymer systems,
parameters such as cure temperature and filler ratio exhibit similar interdependence. The strong
correlation coefficient (R2 = 0.89) obtained in this work demonstrates the reliability of the proposed
model for predicting property outcomes under varied processing conditions. Application of the same
statistical design framework to polymer matrices can yield equally robust predictive relationships. This
emphasizes the versatility of the methodology across different composite families and processing
routes.

Model Correlation

Correlation between predicted and experimental hardness values using the developed statistical
model (Equation 6), demonstrating model accuracy with R? = 0.89. Dashed line represents perfect
prediction (predicted = experimental). Error bars represent £1 standard deviation from experimental
measurements. Units: Hardness in HRB. Data points include all combinations of WC content (2, 4, 6
wt%) and sintering temperatures (400, 500, 600°C).

Design of experiments analysis identifies optimal processing windows that balance hardness
enhancement with processing cost and complexity. For Al-WC composites, the optimal region
encompasses 5-6 wt% WC content with sintering temperatures of 5800-600°C. This optimization
approach directly parallels methodologies used in polymer composite processing.

UNIVERSAL COMPOSITE DESIGN PRINCIPLES
The critical role of interface quality appears consistently across composite systems. In Al-WC
composites, processing conditions that promote good wetting and minimize interfacial reactions
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enhance hardness by 15-25%. Similarly, polymer composites show comparable improvements (20—
30%) from interface treatments such as silane coupling agents or surface functionalization. These
parallel responses indicate universal interface engineering principles applicable across composite
systems.

The unified framework developed in this study enables several important advances in composite
materials science. First, optimization strategies successful in MMC systems can inform polymer
composite development and vice versa, enabling accelerated development cycles. Second,
understanding universal composite principles enables rational design of hybrid metal-polymer
composite systems that leverage the advantages of both material types. Third, manufacturing techniques
developed for one composite type can be adapted to other systems, facilitating processing technology
transfer.

The comparative understanding gained through this work enables a more integrated approach to
composite design. Techniques traditionally applied in polymer composites—such as surface
functionalization, plasma activation, or nanoscale coating—can be adapted for metal systems to
improve interfacial compatibility and wetting. Similarly, thermal management strategies and diffusion-
based bonding concepts from MMC processing can assist in curing optimization for advanced polymer
matrices. Such reciprocal exchange of processing knowledge encourages cross-system innovation. This
leads to improved efficiency, reduced experimental cycles, and sustainable manufacturing of hybrid
composite materials suited for next-generation engineering applications.

CONCLUSION

This investigation establishes a comprehensive statistical framework for analyzing hardness
characteristics across composite material systems. It uses AI-WC metal matrix composites as a
representative case study while demonstrating broader applicability to polymer matrix composites and
composite science generally.

The developed analysis methodology successfully captures processing-property relationships across
different composite types. Statistical models show correlation coefficients exceeding 0.85 for both Al-
WC and polymer matrix systems from literature, establishing a unified theoretical framework.
Comparative analysis reveals consistent volume fraction dependencies (Hc o« Vf*4%9) processing
sensitivity patterns (10-18% property scatter), and interface effects (15-30% enhancement from
optimization) across metal and polymer matrix composites. This demonstrates processing-property
universality that transcends specific material systems.

Al-WC composites achieve maximum hardness values of 83.8 HRB (215% improvement over pure
aluminum) through optimized processing. This is accomplished with WC volume fractions of 5.4 vol%
(6 wWt%), particle size ranges of 2—5 um, and processing parameters of 600°C sintering temperature for
2 hours. Statistical analysis identifies critical processing windows (5-6 wt% WC, 580-600°C sintering)
that minimize property scatter while maximizing hardness enhancement.

Future research should focus on experimental validation of this framework with diverse polymer
matrix composites. Extension to fiber-reinforced systems and development of processing parameter
optimization algorithms that leverage cross-system learning opportunities will further advance the field.
The integration of machine learning approaches with the developed statistical framework could enable
real-time process control and adaptive manufacturing strategies for both metal and polymer matrix
composites.
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