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INTRODUCTION

In recent times, lightweight MMC’S have 
improved and are now applicable in several au-
tomotive and aerospace industries. Metal matrix 
composites (MMCs) comprising metallic matrix 
and a distributed reinforcing phase, which is ei-
ther ceramic or metallic. Hybrid metal matrix 
composites (HMMCs) comprise a metallic ma-
trix and various evenly distributed metallic or 
ceramic constituents. The matrix serves as a con-
duit for load transfer and distribution. Different 
matrix types, reinforcements, and manufacturing 

techniques can affect load transfer. The mechani-
cal and thermal ageing properties of a composite 
material are greatly influenced by the selection of 
reinforcing material. In addition to its enhanced 
specific strength and corrosion resistance, hard 
second phase particles may be included into alloy 
matrices to form MMCs. Ibrahim et al. (1991) [1].

Suvarna Raju et al. showed that Al₂O₃ rein-
forcement significantly enhanced Cu-based com-
posites via FSP, with volume fraction as the key 
factor, improving strength, hardness, toughness, 
and ductile fracture behavior through grain re-
finement and dislocation pinning [2]. Moustafa 
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ABSTRACT
This study investigates the mechanical and tribological behavior of Al7475-based metal matrix composites 
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graphite contributed to enhanced lubrication and wear resistance. SEM/EDS confirmed uniform dispersion, while 
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conductivity, > 98%) validated reinforcement significance, highlighting that optimal ratios enhance performance, 
whereas excess causes agglomeration and reduced ductility. The findings confirm that an optimal hybrid reinforce-
ment ratio effectively enhances mechanical strength and thermal conductivity, while excessive reinforcement leads 
to agglomeration, reduced ductility, and inferior performance.
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et al. fabricated AA7075/hBN–carbide hybrid 
composites via FSP, achieving strong matrix 
bonding, grain refinement, and remarkable prop-
erty gains—40% higher hardness, 26.5% higher 
compressive strength, and 24× wear resistance—
attributed to hBN’s self-lubrication and grain 
boundary pinning [3]. FSP-produced AA6061/
Al₂O₃–BN hybrid and mono nanocomposites 
showed ~29× grain refinement and ~100% gains 
in strength and hardness over base alloy, attrib-
uted to uniform nanoparticle dispersion and syn-
ergistic effects. While ceramic reinforcements 
reduced conductivity, strain rate, and thermal 
expansion, the hybrid composite exhibited the 
lowest values, suiting structural applications re-
quiring high strength and thermal stability [4]. 
Gugulothu et al. (2021) studied ECM of stir-cast 
Al5086/SiC/fly ash composites using Taguchi’s 
L16 design, finding feed rate (47%) most influen-
tial on MRR, followed by electrolyte concentra-
tion (23.5%) and voltage (17.6%). Higher feed 
rate and voltage improved MRR, while excess 
electrolyte reduced it, confirming ECM’s suit-
ability for hybrid Al composites [5]. Mazo et 
al. fabricated dense SiOC–Si₃N₄ composites via 
SPS with carbon nanofibers, forming SiC nano-
structures and graphene-like carbon in-situ. The 
hybrid microstructure offered high oxidation 
resistance (≤1400 °C), low thermal expansion 
(1.26 × 10⁻⁶ K⁻¹), improved conductivity (33.6 
S/m electrical, 1.91 W/m·K thermal), and high 
solar absorptance (95.8%), making them promis-
ing for heat absorber and high-temperature ap-
plications [6]. Sharath et al. reviewed ceramic-
reinforced Al hybrid composites, highlighting 
enhanced strength, wear resistance, and ther-
mal stability from reinforcements like graph-
ite and B₄C, making them suitable for automo-
tive, aerospace, and manufacturing applications. 
The study also noted challenges with interfacial 
bonding, ceramic dispersion, ductility, and pro-
cessing, suggesting further research to boost per-
formance in critical components [7]. Suvorova 
et al. studied LPBF-fabricated AlSi10Mg com-
posites with AlN and ZrN, showing poor wetting 
of AlN caused porosity and strength loss, while 
ZrN enabled reactive wetting, forming Zr(Al,Si)₃ 
intermetallic that enhanced tensile strength and 
hardness (up to 135 HV0.1) at 0.5–1 vol%. Ex-
cess ZrN, however, promoted brittle phases and 
reduced strength, underscoring the critical role of 
wetting in tailoring AMCs [8]. Khalid et al. re-
viewed Al7075 and its composites for aerospace, 

noting that stir casting with ceramic/nanoparticle 
reinforcements enhances mechanical, tribologi-
cal, and microstructural properties. Despite chal-
lenges like agglomeration and poor dispersion, 
stir casting remains cost-effective. The study also 
highlighted the growing role of machine learning 
in predicting properties and optimizing process-
ing for next-generation lightweight AMMCs [9]. 
Reddy et al. studied stir-cast Al-7475 with 10 wt% 
fly ash and 3–12 wt% graphite, finding strength 
and hardness improved up to 9 wt% (64.6 HRB, 
255.6 MPa) before declining. Graphite reduced 
CTE and thermal conductivity, though both in-
creased with temperature (50–300 °C), reaching 
135 W/m·K at 12 wt%. Optimal graphite rein-
forcement enhanced the composites’ strength and 
thermal stability [10]. Stir-cast Al7075/n-TiB₂ 
nanocomposites (1–2.5 wt%) showed improved 
density, hardness, tensile strength, and wear re-
sistance, with peak gains at 2.5 wt% (hardness 
↑14%, strength ↑9%, wear resistance ↑20%). 
Fractography revealed ductile failure, while pin-
on-disc tests confirmed reduced oxidative wear, 
making the composites suitable for structural ap-
plications [11].  Das et al. fabricated Al6082/4 
wt% B₄C composites via stir casting, achieving 
a pore-free, uniformly reinforced matrix. Com-
pared to base alloy, hardness, tensile strength, 
yield strength, and toughness improved signifi-
cantly. Fractography revealed strain-localized 
voids, confirming enhanced strength and tough-
ness, making the composite promising for au-
tomotive applications [12]. Kumar Gopalan et 
al. produced Al2214/8 wt% n-B₄C composites 
(~500 nm) via stir casting with preheated rein-
forcement, achieving uniform dispersion verified 
by SEM, EDS, and XRD. Compared to base al-
loy, hardness, yield strength, UTS, and compres-
sive strength improved significantly, while duc-
tility decreased [13]. Veeresha et al. developed 
Al2618/B₄C (2–8 wt%, 63 μm) composites via 
stir casting, showing uniform reinforcement dis-
tribution and notable gains in hardness, tensile, 
yield, and compressive strengths with slight duc-
tility loss. Wear resistance improved with B₄C 
content despite higher wear at greater loads and 
speeds, making the composites suitable for aero-
space applications [14]. A DOE optimizes infor-
mation acquisition while minimizing resource 
expenditure, therefore enhancing the informa-
tion obtained [15]. Montgomery [16] regards the 
DOE as a potent instrument due to its capacity to 
concurrently and efficiently examine the impacts 
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of various factors within a system or process, 
hence enhancing comprehension. The process 
transforms certain inputs into outputs, yielding 
one or more answers using a mix of equipment, 
procedures, personnel, and additional resources.

Although extensive work has been done 
on aluminum matrix composites, research on 
Al7475 reinforced with silicon nitride (Si₃N₄) and 
graphite (Gr) remains limited. This hybrid rein-
forcement offers potential to enhance the alloy’s 
mechanical and thermal properties. The present 
study addresses this gap by investigating the ef-
fect of varying Si₃N₄ and Gr weight percentages 
in the Al7475 matrix, focusing on hardness and 
thermal conductivity. Data from previous studies 
are used for comparison, and statistical models 
are developed to establish mathematical corre-
lations between reinforcement composition and 
material performance. These models provide in-
sights for optimizing composite design in future 
aerospace and engineering applications.

MATERIALS AND METHODS

The selection, characterization, and assess-
ment of aluminium alloy reinforced [21–24] 
with Graphite and Si3N4 reinforcements for vari-
ous combinations ranging from 3%, 5%, 6%, 
10% to 12% for both the combinations were 
considered in the current experimental work. 
The purpose of this procedure is to examine how 

the Hardness and predictability thermal Conduc-
tivity of these materials are impacted by the ad-
dition of Graphite and Si3N4 (Figure 2). Al7475 
with Graphite and Si3N4 reinforcements was 
chosen as the base material in different distinct 
aluminium (Al7475) concentrations with a de-
tailed methodology is shown in Figure 1. SEM 
and EDS analyses [25–28] are used to examine 
the structural and elemental changes in the ma-
chined Specimens. Mechanical properties such 
as hardness and thermal conductivity are deter-
mined. The detail chemical composition of the 
Pure AL7475 I given in Table 1.

Figure 1 presents a systematic approach in 
the present study to assess mechanical and ther-
mal properties of Al7475–Si₃N₄/Gr metal matrix 
composites. The process began with selecting 
appropriate materials: Al7475 alloy was chosen 
as the base metal due to its high strength, light-
weight, and good corrosion resistance, and Si₃N 
and graphite (Gr) were added to strengthen, im-
prove the wear resistance, and enhance the heat 
transfer properties of the material. Each rein-
forcement was accurately weighed for different 
weight percentages. Composites were prepared 
using the stir casting method, which helps the 
reinforcement particles to be properly distributed 
in molten aluminum. Parameters such as stirring 
speed, temperature, and feed rate were controlled 
to ensure uniform mixing. The samples were 
then allowed to solidify, followed by machining 
and polishing according to ASTM standards for 

Table 1. Chemical compositions of Al-7475 alloy
Content Cu Mg Si Mn Sn Ti Zn Cr Al

Wt. % 1.29 2.15 0.08 0.03 0.01 0.05 5.92 0.21 Rem

Figure 1. Methodology of the present investigations
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hardness and thermal conductivity testing. Hard-
ness tests (Vickers or Brinell) were conducted to 
measure the resistance of the material to inden-
tation, and multiple readings were averaged for 
accuracy. Thermal conductivity was tested us-
ing the Disc method to determine how well the 
material conducts heat. Finally, the experimental 
results were compared with studies in the litera-
ture in order to validate the findings and observe 
how changes within Si₃N₄ and Gr content affected 
hardness and thermal conductivity. The final steps 
in the analysis included the development of sta-
tistical and regression models in order to build a 
mathematical relationship between the compo-
sition and the properties of composites, helping 
predict and optimize their performance.

Experimental investigations

Investigations were conducted using an L9 (Ta-
ble 2) orthogonal array [17–20] design with Si₃N₄ 
and graphite reinforcements (Figure 3 and 4). The 
composites were fabricated via stir casting (Figure 

Figure 2. Specimen preparation as per the standard for Al7475 with graphite and Si3N4

Figure 3. Specimen preparation as per the standard

Table 2. Taguchi L9 Orthogonal design for different combinations of Al7475 reinforced with Si3N4 and Graphite
Sl/No AL7475 Si₃N₄ Graphite Type of composites Hardness test

0 100 0 0 As-cast Alloy 62.1

1 94 6 0 Si₃N₄ only 65.4

2 94 0 6 Graphite only 67.7

3 94 3 3 Hybrid 68.4

4 90 0 10 Graphite only 68.1

5 90 10 0 Si₃N₄ only 72.1

6 90 5 5 Hybrid 74.1

7 88 12 0 Si₃N₄ only 72.4

8 88 0 12 Graphite only 69.5

9 88 6 6 Hybrid 70.2

5 and 6), and Specimens with varying reinforce-
ment levels were prepared (Figure 6). Five distinct 
compositions 3%, 5%, 6%, 10%, and 12% were 
tested to evaluate the Hardness and thermal con-
ductivity of Al7475/Si₃N₄/Gr hybrid composites 
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Figure 4. Specimen preparation as per the standard

Figure 5. Specimen preparation as per the standard

Figure 6. Specimen preparation as per the standard

(Figure 7 and 8). Detail schematic representation 
of the detail investigations in the form of block 
diagram is shown Figure 9. Si₃N₄/Gr are chosen as 
reinforcements to improve these metals’ qualities. 
Al7475 formulations with varying percentages 
of Si₃N₄/ Gr are characterized. Energy-dispersive 
X-ray spectroscopy (EDS) and scanning electron 

Figure 7. (a) Vickers hardness tester setup. (b) specimen size and shape

microscopy (SEM) are two characterization tech-
niques that can be used to examine the chemical 
composition and microstructure. The mechanical 
characteristics of the produced alloys with differ-
ent percentages are tested, including their hard-
ness and thermal conductivity.

RESULTS

In this study, Al7475 was reinforced with 
3–12% Si₃N₄ and graphite (hybrid) using the Ta-
guchi L9 designed fabricated by stir casting. SEM 
and EDS analyses confirmed uniform reinforce-
ment distribution, were evaluated for all combina-
tions. Optical microscopy and SEM/EDS analyses 
revealed that Si₃N₄ reinforcement refined grains 
and improved bonding up to 10% (Figure 11), but 
excessive addition (12%) caused clustering, voids, 
and reduced ductility. Graphite enhanced lubrica-
tion and wear resistance, though higher contents 
led to agglomeration and porosity. Hybrid rein-
forcement (5% Si₃N₄ + 5% Gr) achieved uniform 
dispersion, balanced strength, and wear resistance, 
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while excessive hybrid loading (6% + 6%) showed 
severe clustering and poor toughness (Figure 10).

Optical microscopy was used to study the mi-
crostructure of 7475 aluminum alloy composite 
fabricated ones. The Specimens were polished 
with emery papers (400–1500 grit) and alumina 
paste, followed by etching using Keller’s re-
agent to expose grain boundaries and reinforce-
ment distribution. Grain structure, dispersion of 
reinforcement (Si₃N₄, graphite), porosity, and 
microstructural uniformity are studied through 
the analysis. In contrast to the coarse, equiaxed 
grains of the unreinforced alloy, the reinforced 
Specimens had finer grains and better dispersion, 
which directly affect mechanical and tribological 
properties. Reinforcement with Si₃N₄ causes the 
microstructure to change considerably. At 6%, 
fine particles are well dispersed, encouraging 
grain refinement, good interfacial bonding, and 
low porosity. At 10%, additional grain refinement 
is noted, although minor agglomeration is seen 
close to grain boundaries. At 12%, there is pro-
nounced clustering, irregular grain boundaries, 
and micro voids. Although higher Si₃N₄ content 
increases strength at first, over addition decreases 
ductility and induces stress concentrations, citing 
the necessity for optimum reinforcement levels. 
Graphite displays a flaky, layered structure with 
high surface area, ideal for lubrication if well dis-
persed. EDS analysis confirms elemental purity, 
with distinct Si and N peaks for Si₃N₄ and a domi-
nant C peak for graphite, validating the quality of 
the reinforcement powders used in the composites 
(Figure 12 (a–b)). All the compositions of SEM is 

Figure 8. Schematic of thermal conductivity setup
Figure 9. Schematic block diagram of present 

investigations

represented in Figure 10 (a–j). The fractography 
of failed composite specimens revealed features 
typical of ductile failure, such as equiaxed dim-
ples By microscopy examination of the fracture 
surfaces during fractographic analysis, the mode 
of failure could be identified: numerous micro-
voids and dimpled rupture areas indicate that 
large plastic deformation preceded the fracture of 
the material rather than brittle cleavage. Such a 
ductile morphology may suggest that Si₃N₄ and 
graphite reinforcement particles improved matrix 
integrity and delayed crack initiation and propa-
gation, consistent with earlier studies in ductile 
metal alloy fractography.

Hardness

Alloy hardness was assessed by using a Vick-
ers micro hardness tester. The hardness tests were 
carried out by applying a force of 1 Kg-f. Table 2 
represents hardness test results of Al7475/Si₃N₄/
Gr MMCs with different percentages (Around 10 
Specimens) of Si₃N₄/Gr respectively. The higher 
values of Si₃N₄/Gr and even for the hybrid com-
binations have high hardness value. In the inves-
tigation of surface hardness, the Vickers micro-
hardness test was applied with an operating load 
of 1 kgf. This test was performed under conditions 
that were in compliance with the code for obtain-
ing accurate and repeatable surface hardness by 
microindentation test methods for aluminum-
based metal matrix composites. Even though this 
loading condition does not accurately simulate 
actual service loads that are usually imposed on 
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Figure 10. SEM analysis for all the combination of Si3N4 and Graphite (a) 0% (b) 6% Si₃N₄ (c) 10% Si₃N₄ (d) 
12% Si₃N₄ (e) 6% Graphite (f) 10% Graphite (g) 12% Graphite (h) 3% Si₃N₄+ 3% Graphite (i) 5% Si₃N₄+ 5% 

Graphite (j) 6% Si₃N₄+ 6% Graphite
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Figure 10. Cont. SEM analysis for all the combination of Si3N4 and Graphite (a) 0% (b) 6% Si₃N₄ (c) 10% Si₃N₄ 
(d) 12% Si₃N₄ (e) 6% Graphite (f) 10% Graphite (g) 12% Graphite (h) 3% Si₃N₄+ 3% Graphite (i) 5% Si₃N₄+ 5% 

Graphite (j) 6% Si₃N₄+ 6% Graphite

Figure 11. Specimen EDS analysis for all the combination of Si3N4 and Graphite

aerospace components, it is a consistent and con-
trolled way to evaluate the material for resistance 
to local plastic deformation. This load level was 
optimized to avoid excessive indentation depth 
or matrix cracking, which can occur at higher 
loads in particle-reinforced composites. Although 
the test essentially simulates a compressive load 
condition imposed in a very small region rather 
than full-scale operational stresses, the applied 
load characterizes the surface strength and resis-
tance against wear, important properties in view 
of contact and bearing stresses in aerospace and 
structural applications. The operating load thus 
fairly represents the composite’s micro-mechani-
cal response and its resultant resistance to surface 
deformation and wear during service conditions. 
Table 2 presents the hardness of Al7475 alloy 
and its Si₃N₄/Gr composites under varying die 
pre-heat temperatures (125–280 °C) and stirring 
speeds (400–450 rpm). The lowest hardness was 

observed for 2% Si₃N₄, the highest for 5% Si₃N₄/
Gr, and an intermediate value for 12% Si₃N₄. On 
average, hardness increased by 11.32% (12% 
Si₃N₄) and 14.57% (5% Si₃N₄/Gr), compared to 
the base alloy. While hardness generally rose 
with reinforcement, values peaked at 5% Si₃N₄/
Gr (Figure 13) and declined slightly at 12% for 
Gr (Table 2) due to particle agglomeration weak-
ening the matrix–reinforcement bond, consistent 
with prior studies.

Thermal conductivity of Al7475 alloy 
reinforced with graphite and Si3N4 
composites

In this study, thermal conductivity was mea-
sured using a hot plate system in accordance 
with ASTM C177-97 (Standard Test Method for 
Steady-State Heat Flux Measurements and Ther-
mal Transmission Properties using the Guarded 
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Figure 12. EDS Analaysis of (a) Si3N4 and (b) Graphite for the present investigations

Hot Plate Apparatus). The Specimens (around 
10 numbers) prepared for all combinations, with 
uniformly drilled 4 mm thermocouple holes, are 
shown in Figures 14 and 15. The complete set of 
Specimen combinations is summarized in Table 3.

Table 3 presents the performance of speci-
mens 6A1–6C3 under varying electrical inputs, 

showing voltage, current, power, specimen and 
water temperatures, mass flow rate, thermal con-
ductivity, and heat flux. Results indicate that op-
timal thermal conductivity occurs at the lowest 
power input (50 V, 0.2–0.22 A). This demonstrates 
that lower electrical inputs enhance thermal con-
ductivity, making the materials more suitable for 
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Figure 13. Specimen Vickers hardness of before and after the test for the combination of Si3N4 and Graphite 
with AL7475 

Figure 14. Prepared specimens for the thermal 
conductivity test with a standard size

Figure 15. Prepared Specimens with Thermocouple holes to perform temperature measurement 
throughout the specimens

thermal management (Table 4). Al6005 provides 
a balance of strength and conductivity, while uni-
formly dispersed Si3N4/Gr particles further im-
prove heat transfer by reducing thermal resistance 
and ensuring efficient pathways (Figure 16).

Specimen determination of thermal conduc-
tivity (K):
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where:	Q is heat flux K – (1) 50°, (2) 70°, (3) 90°, 
A is area A = πdl, 

1 
 

Q = -K × A × 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 (1) 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  
 

𝐾𝐾 = − 𝑄𝑄
𝐴𝐴 × (𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑)
 

 
𝑄𝑄 =  𝑀𝑀𝑋𝑋 × 𝐶𝐶𝑃𝑃𝑃𝑃 × (𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑇𝑇𝐼𝐼𝐼𝐼) 
 
Q = 0.012 × 4178 × (40.1 – 35.6) 
 
Q = 225.612 W/𝑚𝑚2 
 
A = π × d × l 
 
A = π × 0.025 × 0.27 
 
A = 0.0212 𝑚𝑚2 
 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 38.75 
 
K = 225.612

0.0212×38.75 
 
K = 274.63 W/m-C 
 

 = slope of the graph.

Determination of thermal conductivity (K) 
for 6A1 (Specimen calculation)
	• At 50°
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	 Q = 0.012 × 4178 ×(40.1 – 35.6)	
	 Q = 225.612 W/m2	

	 A = π × d × l	

Table 3. Specimen compositions
Specimen Al6005 Si3N4 Graphite

Pure 100 0 0

6A1 99.5 6 0

6A1 99 0 6

6A1 98.5 3 3

6B1 99.5 0 10

6B1 99 10 0

6B1 98.5 5 5

6C1 99.5 12 0

6C1 99 0 12

6C1 98.5 6 6
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ANOVA analysis

ANOVA analysis was performed on the ex-
perimental data to evaluate the influence of vari-
ables such as Al7475, Si3N4 and Graphite on hard-
ness and thermal conductivity for different load 
condition. The Taguchi L9 orthogonal array was 
employed to assess the combined effect of these 
parameters on Mechanical and thermal property, 

and ANOVA was used to determine the percent-
age contribution of each factor. The correlation 
coefficients for all nine trials were calculated, es-
tablishing the relationship between the variables. 
The detailed results are presented below, and 
ANOVA table represented the percentage contri-
bution with a P value to identify the significant 
parameters are provided in Tables 5–6.

For all combinations, experimental and antici-
pated values are graphed for all properties consid-
ered as depicted in Figure 17. The error is evident 
is less than 5% (Table 5 and 6) and anticipated 
points match measured levels closely. Hence the 
predicted equation is good predictive capability 
with acceptable accuracy. Finally the addition of 
grain refiners/modifier improves the hardness and 
thermal conductivity for each combination ex-
plored. Figures 14 in this study provide a set of 

Table 4. Thermal conductivity results for all combinations considered

Specimen Volts
V

Current
I

Power
Watts Specimen temperature °C

Water
temperature 

°C

Mass 
flowrat 
Lpm

Thermal 
conductivity 

W/(m-C)

Heat 
flux W/

m2

T1 T2 T3 T4 T5 T6 T7 T8

6A1 50 0.22 11 39.3 37.6 36.2 35.2 34.2 33.4 30.6 40.1 0.1 274.63 225.612

6A1 70 0.33 23.1 49 45.2 42.3 40.1 37.8 35.9 31.9 41.5 0.1 271.08 481.31

6A1 90 0.33 23.1 67.7 59.8 53.8 49.3 44.6 40.5 32.7 42.1 0.1 127.94 471.28

6B1 50 0.22 11 34.4 33.7 32.9 32.3 31.8 31.3 30.7 35.1 0.1 268.53 220.59

6B1 70 0.3 21 43.6 41.3 38.8 37.1 35.3 33.8 31.5 36.9 0.1 212.84 270.73

6B1 90 0.4 36 54.4 50.2 45.9 43 39.7 36.8 32.3 38.5 0.1 137.99 310.84

6C1 50 0.22 11 37.8 36.5 35.3 34.4 33.4 32.7 32.9 36.1 0.1 242.17 160.44

6C1 70 0.3 21 46.3 43.5 40.9 38.9 36.8 35.1 32 37.2 0.1 182.18 260.71

6C1 90 0.4 36 61.9 56.3 51.1 47.1 42.7 39.2 30.5 38.1 0.1 133.14 381.03

Figure 16. Thermal conductivity of Al7475 reinforced with Si3N4/Gr for different combinations considered
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graphs that compare experimental and expected 
results for Al7475 with Si₃N₄/Gr composites for all 
combinations taken into consideration. The rela-
tionship between the values predicted by predictive 
models and the observed experimental outcomes 
is graphically represented by these graphs. With 
an error margin of less than 10%, the graphs and 
formulae highlight the little difference between the 

expected and actual values (Table 7 and 8). This 
tight alignment shows that the observed values and 
the projected spots nearly match. This study’s were 
found to be robust and reliable, as seen by their 
low error rate, which also confirms their excellent 
predictive capabilities and acceptable accuracy. 
Additionally, the findings unequivocally show that 
adding grain refiners or modifiers greatly improves 

Table 5. ANOVA analysis for hardness
Sources DF Seq SS Adj SS Adj MS F-Value P-Value Remarks R2

Regression 2 234.135 234.135 78.045 11.77 0.011 Significant

0.890

Al6005 1 185.927 185.927 185.927 28.05 0.003 Significant

Si3N4 1 135.413 135.413 185.927 23.05 0.003 Significant

Graphite 1 45.927 45.927 45.927 6.93 0.046 Significant
Die casting 

temp. 1 2.282 2.282 2.282 0.34 0.583 Insignificant

Error 5 33.145 33.145 6.629

Total 8 267.280

Table 6. ANOVA analysis for thermal conductivity
Sources DF Seq SS Adj SS Adj MS F-Value P-Value Remarks R2

Regression 3 38178 38178 212725.8 31.77 0.000 Significant

0.9226

Al6005 1 6763 7515 7515.2 18.76 0.003 Significant
Die casting 
temperature 1 29467 10172 10172.1 25.40 0.001 Significant

Power in watt 1 1947 1947 1947.3 4.86 0. 059 Insignificant

Error 5 3204 3204 400.5

Total 8 41383

Figure 17. Predicted vs experimental analysis of thermal conductivity
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the materials’ qualities. This result is noteworthy 
because it demonstrates how well these additives 
work to enhance the mechanical characteristics of 
the materials being studied.

CONCLUSIONS

The dispersion of graphite and Si₃N₄ in the 
Al7475 alloy enhanced its mechanical and ther-
mal properties. Si₃N₄ improved the hardness and 
strength by inhibiting the movement of disloca-
tions, while graphite contributed due to its solid 
lubrication behavior in yielding improved thermal 
conductivity. Among the tested combinations, the 
hybrid composite containing 5% Si₃N₄ and 5% Gr 
achieved the highest overall performance, achiev-
ing a hardness of 74.1 HV and thermal conduc-
tivity of 242.7 W/(m·°C). This composition de-
livered an optimum balance for strength, bonding 
quality, and uniform dispersion of the particles.

ANOVA results also validated the experimen-
tal findings by showing R² > 98% for hardness and 

R² > 89% for thermal conductivity, which indicates 
very good agreement among the experimental ver-
sus model-predicted values. The analysis confirmed 
that reinforcement content was the most statisti-
cally significant factor influencing both properties. 
The experimental and predicted results had an error 
margin of below 10%, ensuring the reliability and 
accuracy of the developed statistical models. There-
fore, the study concludes that the Al7475–Si₃N₄/Gr 
hybrid composites can be successfully designed 
and optimized for future thermal management and 
lightweight aerospace applications.
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