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This work investigates the hardness and wear resistance of an Aluminum/Tungsten carbide metal 
matrix composite in relation to its age-hardening temperature. The composite was fabricated by 
stir-casting technique, and samples were cooled in a furnace, water, and atmosphere after being 
aged for two hours at 0 °C, 250 °C, and 450 °C. The results showed that the composite aged at 250 °C 
under furnace cooling achieved a 50.48% increase in hardness compared to the non-aged composite, 
while those cooled under water and atmospheric conditions exhibited increases of 30.82% and 
39.33%, respectively. In the investigation of the composite’s wear characteristics, two variables were 
considered: sliding distance (1000, 1500, and 2000 m) and load (10, 20, and 30 N). The composite 
aged at 250 °C demonstrated a significant increase in wear resistance, attributed to high volume 
of precipitates formed at the grain boundaries, which reduce dislocation movement and result in 
reduced wear compared to other aged composites cooled under water and atmospheric conditions. 
The Taguchi method was used for optimization to identify conditions that minimize wear rates across 
various cooling environments, which were then experimentally investigated. The results revealed that 
low wear observed in composite aged at 250 °C, regardless of the cooling medium. For furnace-cooled 
samples, aged at 250 °C with a 10 N load and a 1000 m sliding distance was optimal compared to the 
other cooling environments and Scanning Electron Microscope (SEM) observations indicated that 
adhesive wear is the primary wear mechanism, with severity influenced by load, sliding distance and 
aging temperature.
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In the current scenario, the automotive and aerospace sectors have actively sought lightweight materials 
to enhance the performance of components designed for specific applications. Aluminum, celebrated for its 
favorable strength-to-weight ratio, stands out as a promising candidate. The increased strength and durability of 
Al6082-T6/SiC/B₄C composites arise from evenly distributed TiC particles, finer grain structure, and dislocation 
effects1. Employing the stir casting technique, this composite is fabricated, revealing an escalation of wear rate 
by increasing of sliding distance and applied load2. In the realm of alloy aging, optimal results are achieved at 
120 °C, as evidenced by increased hardness in Al6082-T6/SiC/B4C composites3. Stir casting is again employed 
to produce AA 6061 matrix titanium carbide composites, and it is observed that wear rates rise proportionally 
with higher percentages of TiC, velocity, and applied load4. In the case of Al7075/WC composites, age hardening 
at 250 °C enhances wear resistance and peak hardness compared to non-aged counterparts5.
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The use of Al6061 as the matrix material, with SiC, Al2O3, and cerium oxide as reinforcements, results in 
extruded composites exhibiting superior microhardness. The outcomes were found in minimal wear rates at 
various running conditions6. This progression underscores the constant quest within materials science for 
innovative solutions to augment the performance of components in demanding environments. The maximum 
tensile strength increased by the precipitation during the aging of the composite. The Ti particles interface with 
the matrix alloy is strengthened due to the formation of the TiAl3 and Mg-Ti layer, causing Ti particles to 
receive much more effective strengthening effects, which improve the strength and ductility7. AA6061/Al2O3/
SiC composites fabricated using the squeeze casting process exhibit wear properties that are more significantly 
influenced by the applied load compared to speed and sliding distance8. The empirical findings underscore that 
among the determinants influencing abrasive wear, the grain size of the abrasive emerges as primary factor, 
with subsequent significance attributed to the dimensions of the reinforcement, as elucidated in reference9. The 
fabrication of composites involved the utilization of AA2219 Aluminium alloy, incorporating molybdenum di 
sulphide (MoS2) via the stir casting technique, wear resistance significantly decreased while lubricated by tire 
oil10. TiC particles of 35 μm were added to the molten aluminum matrix (A356) to form the composite material, 
which was then subjected to age hardening at 155 °C for 3 h. The conclusion of the study indicates that the 
undissolved precipitates form an intermediate phase, thereby enhancing the strength of composite11. The wear 
coefficient of hard silicon nitride added aluminium alloy decreases because of the mechanically mixed layer12. 
Using a powder metallurgy approach; the composite was manufactured with different SiC and B₄C weight 
percentages. The output of the hybrid composite can be significantly increased strength by incorporating of 
SiC and B4C into the aluminum matrix13. Applied load and sliding distance are key factors affecting wear in 
composites, with wear increasing as load and sliding distance increase14.

The aluminum hybrid composite was developed using SiC and Al2O3 as reinforcements. As sliding distance 
increases, the temperature of the contact surfaces rises, leading to the softening of the pin surface in contact 
with the disc. This results in substantial deformation and a significant increase in the volumetric wear loss of 
the pin15. Compared to other variables, such as aging temperature and aging time, it is evident that the tensile 
strength of the composite is more significantly impacted by the solutionizing process16,17. The strength of the 
hybrid composite improves with up to 15% reinforcement addition; however, beyond this point, the strength 
decreases18. The addition of SiC and Al2O3 particles, with 20% reinforcement, results in a hybrid composite 
that exhibits improved mechanical strength but no significant enhancement in impact strength19. The research 
indicated a direct correlation between wear rate and load, speed, and sliding distance, but an inverse relationship 
with ceramic particle addition20.

The incorporation of steel particles enhanced the ductility of a hybrid composite fabricated via powder 
metallurgy using SiC and steel as reinforcements21. Meanwhile, the strength of the hybrid composite improved 
with higher additions of SiC and B₄C, attributed to the increased carbide content22. Similarly, elevating the 
weight% of silicon carbide (SiC) and aluminum oxide (Al2O3) in the aluminum matrix boosted the hardness 
and tensile strength of the hybrid nanocomposite23. Centrifugal casting further refined the grain size by 48.76% 
compared to the original microstructure, resulting in higher tensile strength, yield strength, and hardness24.
Ali Kalkanlı et al. employed the squeeze casting method to produce an Al 7075-SiC composite, reporting that 
the tensile strength of the composite was lower than its flexural strength for identical SiC compositions. In 
another study, a hybrid composite was synthesized through powder metallurgy using SiC and kaolin particles as 
reinforcements. The results revealed that hardness increased with higher kaolin content in the aluminum matrix. 
However, when the kaolin content exceeded 4%, the tensile strength of the composite declined25–28.

The aluminium (Al7075) alloy served as the matrix material, reinforced with tungsten carbide (WC) particles 
ranging in size from 3 to 5 μm. Tungsten carbide (WC) was selected for its exceptional hardness, which surpasses 
that of other common ceramic reinforcements such as alumina (Al2O3), silicon carbide (SiC), and zirconia 
(ZrO2), thereby enhancing the composite’s wear resistance. In addition, the high density, stiffness, and chemical 
stability of WC at elevated temperatures contribute to improved mechanical performance and thermal durability 
of the composite, making it suitable for demanding engineering applications.

This study investigates the impact of increasing age hardening temperatures, at a constant holding time, on 
the hardness and wear properties of aluminum–tungsten carbide composites fabricated by stir casting, under 
three different cooling conditions: furnace cooling, water quenching, and air cooling. The composite samples 
were aged at 0 °C, 250 °C, and 450 °C for 2 h. The Taguchi method is a statistical optimization technique used 
to improve process performance by identifying optimal conditions with minimal experimental efforts, when 
applied to minimize wear rate, it focuses on determining the most effective combination of control factors and 
their levels that reduce material wear under given conditions.

Materials and methods
Material preparation
In this research, aluminum grade Al7075 was used as the matrix material and tungsten carbide (WC) particles 
with a particle size of 3–5 μm served as the reinforcement. Aluminium alloy (Al7075) matrix comprises alloying 
elements of Si, Zn, Cu, Mg, Fe, Cr, Mn and Ti with weight percentages of 5.4, 2.42, 1.42, 0.42, 0.21, 0.13, 0.12 and 
0.11, respectively and the remaining composition being aluminum. Al7075-WC composite is manufactured by 
stir casting technique by incorporating a fixed quantity of 4% wt. of tungsten carbide (WC) to the aluminium 
matrix29,30. The electrical furnace was used to melt the aluminium matrix which was loaded on the crucible 
furnace at a temperature of 840 ± 10 °C, after the complete melting of the matrix material a tungsten carbide (WC) 
was added to the molten aluminium, to promote uniform distribution of WC particles within the Al7075 matrix, 
the reinforcement was preheated to 250 °C before its addition into the molten aluminum. The mixture was then 
stirred for 2 min at a stirring speed of 200 rpm, which resulted in a satisfactory level of particle dispersion in the 
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matrix. After complete mixing, the mixture was poured into a mold, and the Al7075/WC parent composite was 
removed from the mold after cooling.

Experimental methods
Hardness
Specimens for the hardness test, dimensional specification by ASTM E23 standard with length, breadth, 
and thickness of 55 mm x 10 mm x 10 mm with notch depth and angle of 2 mm and 45º respectively, were 
meticulously cut from as-cast Al7075/4%wt. WC composite. To prevent cracks, these specimens underwent 
a thorough polishing process. The effectively homogenize the matrix and improve the performance of the 
composite during aging, a solutionizing temperature of 530 °C for three hours and then the solutioned composite 
was quenched in water31,32. Subsequently, a composite is subjected to an age hardening process at a temperature 
of 0 °C (non-aged), 250 °C, and 450 °C for 2 h, with cooling performed under various medium of furnace, water, 
and atmosphere.

The surface hardness of Al7075/WC composite was investigated by a Brinell hardness testing machine by 
applying a 500 g load for 30 s. equipped with a steel ball indenter applying a 500 g load for 30 s. Measurements 
were conducted at three distinct locations on the composite surfaces for both non-aged and age-hardened 
composites. The comprehensive hardness of Al7075-WC composites was established by calculating the average 
of the measured hardness values at each aging temperature.

Wear test
For the evaluation of wear, a computerized POD test setup was employed. As per ASTM G99-95 standard, 
the composite pin measuring 8 mm in diameter and 30 ± 1 mm in length was subjected to wear tests against a 
counterface made of EN-31 steel33. The wear rate of the composite was calculated using Eq. (1), with a systematic 
variation of the testing parameters, including sliding distances of 1000, 1500, and 2000 m and depression loads 
of 10 N, 20 N, and 30 N.

	 Wear rate = Weight loss (gm) / (Density (gm/cc) ∗ Sliding distance (m)) .� (1)

In adherence to the Taguchi method, an L9 orthogonal design was used to identify the most optimal set of 
control parameters for both non-aged and aged composites. An EDS image and quantitative results of the 
Al7075-WC composite are displayed in Fig. 1b and c, which confirms the existence of tungsten carbide (WC) in 
the composite. Figure 1a illustrates the preparation of a composite pin from parent material to evaluate the wear 
rate, and Fig. 1d presents the SEM image of tungsten carbide (WC) particles, illustrating their morphology and 
confirming the particle size range utilized in the study.

X-ray diffraction analysis
X-ray diffraction (XRD) analysis was conducted using a BRUKER D8-QUEST diffractometer to identify the 
phases present in the Al7075-WC metal matrix composite, including any intermetallic compounds formed 
during the age-hardening process. Before analysis, the samples were polished to a smooth finish to ensure 
surface uniformity and remove any residual contaminants. The dimensions of the composite sample used for the 
XRD analysis were 5 mm × 5 mm × 5 mm.

Fig. 1.  (a) Tribological testing Al7075-WC composite samples. (b) Qualitative result and EDS of Al7075-WC 
composite samples at different positions from the parent composite. (c) SEM and EDS of tungsten carbide 
reinforcement in the composite samples. (d) Particle size of Tungsten Carbide.
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Result and discussion
XRD analysis of aluminium/tungsten carbide composite
The XRD analysis of non-aged and aged Al7075/4wt.%WC composite at different temperatures under different 
cooling environments was conducted to confirm the formation of precipitates. The different intermetallic 
compounds are formed during ageing and it is highly dependent on the cooling environment and ageing 
temperature. Figure  2a–g shows the result for XRD of non-aged and age hardened at 250  °C and 450  °C 
temperature under furnace, water and atmospheric cooled Al7075/4wt.%WC.

The high peak in the XRD result of non-aged Al7075/4wt.%WC composite is Al followed by WC and a 
significant level of MgZn2 precipitate, shown in Fig. 2a formed due to reaction between internal elements during 
the melting of aluminium. The precipitates of MgZn2, Mg2Si, and Al2Cu form in significant volumes under 
furnace cooling (FC), as confirmed by the high-intensity peaks observed in the XRD graph presented in Fig. 2b. 
This results in increased strength properties when aged at 250  °C. However, the peak intensity decreases at 
an aging temperature of 450  °C shown in Fig.  2c, due to the dissolution of intermetallic compounds in the 
composite matrix, leading to a reduction in the composite’s strength. A similar phenomenon is observed when 
the composite is aged at 250 °C and 450 °C under water and atmospheric cooling, as represented by the XRD 
analysis graphs shown in Fig. 2d–g, when the composite is aged at 250 °C under water (WC) and atmospheric 
cooling (AC). The thickness of the layer between the boundaries increases due to the nucleation of intermetallic 
compound elements during aging at 250 °C, leading to an increase in the strength of the composite. However, 
the layer thickness decreases when the composite is aged at 450  °C due to the dissolution of precipitates, 
resulting in a reduction in strength, regardless of the cooling medium, findings confirmed by Xing Fu et al.34. 
The XRD graph analysis concluded that, during furnace cooling, the composite takes a longer time to reach 
atmospheric temperature, indicating it remains in the furnace for an extended period. This prolonged exposure 
promotes increased reactions between the elements in the matrix, leading to the formation of a larger volume of 
intermetallic compounds, as evidenced by the XRD analysis. Quenching and atmospheric cooling also influence 
the formation of intermetallic compounds in Al7075-WC composite; however, their effect is less significant 
compared to furnace cooling.

Hardness
A Brinell hardness machine set up is used to evaluate the hardness value of Al7075/WC composites. This 
methodological choice not only offers a precise measure of hardness but also provides valuable data on the 
material’s resistance to indentation, thereby contributing to a comprehensive understanding of the composite 
mechanical properties. Three samples were used to evaluate the hardness under all ageing and cooling 
circumstances, and an average value was taken. Table 1 presents Brinell hardness of all composite samples under 
different aging temperatures and cooling environments of non-aged, 250 °C, 450 °C and furnace, water, and 
atmosphere conditions.

The aged Al7075/4wt.%WC composite under furnace cooling at 250 °C exhibits a higher Brinell hardness 
number than other aged temperatures in all cooling environments. The eutectic represents the non-faceted 
phase and it causes to formation structure that increases the strength. The natural property of the α phase is very 
hard and the natural property of the β phase is soft. The α and β phases appeared in the eutectic reaction. The 
aged Al7075/4wt.%WC composite at non-aged (0 °C), subjected to the conversion of a small amount of β phase 
into α phase during the casting process. This occurrence of β phase into α phase is extended up to 250 °C. The 
ageing temperature at 250 °C, thermodynamic equilibrium occurs and the formation of precipitates is decreased 
in all kinds of cooling environments.

High hardness is achieved at an aging temperature of 250  °C due to the formation of magnesium and 
zinc compounds, along with a high volume of Mg2Si and MgZn2 precipitates and this phenomenon prevents 
dislocation during loading, thereby enhancing the hardness of the aged Al7075/4 wt% WC composite as 
compared to water and atmospheric cooled composite as shown in the XRD graph in Fig. 2a. In the diffraction 
graph analysis of the composite, a high peak (intensity) value indicates that a high volume of precipitates is 
observed in the composite that undergoes 250 °C under a furnace cooling environment compared to water and 
atmospheric cooling mediums, which leads to resistance to dislocation under loading and enhanced hardness 
of the composite. In the temperature range of 250 °C to 450 °C, the hardness of the composite decreased due to 
the dissolution of precipitates in the aluminum matrix across all cooling environments, indicating over aging. 
Figure 3. shows the comparison of hardness of the composite at different aging temperatures under furnace, 
water and atmospheric cooling medium.

Optimization of wear characteristics
The optimization of wear test is done on aged Al7075/4wt.%WC composite at different temperature conditions, 
applied load, and sliding distances under furnace cooling. The input parameters selected for this optimization 
are applied load (10 N, 20 N and 30 N), aging temperature (0, 250 °C and 450 °C) and sliding distance (1000 m, 
1500 m and 2000 m). The response parameters selected for this investigation are the wear rate of non-aged and 
aged Al7075/4wt.%WC composite. The L9 orthogonal array is selected for this optimization.

The factor information for optimization is shown in Table 2. The optimization is done to find out the influenced 
input parameters on the wear rate of composite responses. Taguchi technique optimization is employed for 
optimizing the input parameters on wear rate responses with the help of Minitab 19 software. The ANOVA is 
widely used for finding the significance of the input parameters on wear rate responses.

Furnace cooled condition
In furnace cooling, the cooling was done within the furnace after reaching the aging temperature. The L9 
orthogonal design table for the furnace-cooled condition of the composite is given in Table 3. It was found that 
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the maximum and minimum wear rates for the Al7075/WC composite are 0.01174 mm/m³ and 0.00244 mm/m³ 
for non-aged conditions and aged at 250 °C respectively.

The optimum condition was calculated using a signal-to-noise ratio graph as given in Fig. 4. The “smaller 
the better” criterion was selected for the optimal condition, as a lower wear rate and increased wear resistance 

Fig. 2.  (a–g). XRD analysis of (a) non-aged (b) aged at 250 °C-Furnace cooled (c) aged at 450 °C- Furnace 
cooled (d) aged at 250 °C-Water cooled (e) aged at 450 °C-Water cooled (f) aged at 250 °C- Atmospheric 
cooled (g) aged at 450 °C- Atmospheric cooled.
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Factor Name Units

Levels

1 2 3

A Aging condition (°C) 0 250 450

B Load N 10 20 30

C Sliding Distance m 1000 1500 2000

Table 2.  Factor information for optimization.

 

Fig. 3.  Comparison of hardness of Al7075-WC composite.

 

S. no. Composite aged for 2 h

Hardness (BHN)

Furnace cooling (FC) Water cooling (WTR) Atmospheric cooling (ATM)

1 Non aged 83.4 83.4 83.4

2 Aged temperature at 250 °C 125.5 109.1 116.2

3 Aged temperature at 450 °C 121.5 105.8 110.6

Table 1.  Brinell hardness of Al7075/WC composite.
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are desirable for industrial applications. The optimum input parameters are aging condition at 250 °C (A2), an 
applied load of 10 N, and a sliding distance of 1000 m and minimum wear rate, the highlighted condition is best.

The signal to noise ratio table at lower the best condition is given in Table 4. The delta value varies for each 
input parameter, which ordered the rank of the input factors. The aging condition has a higher delta value so 
it has the rank 1 followed by load and sliding condition. The aging condition has more influence on the wear 
rate than other input factors. The highest value was obtained at an aging 250 °C. In this condition, the wear rate 
decreased due to the formation of hard precipitates with a combination of aluminum and tungsten carbide.

The analysis of variance (ANOVA) table for each input parameter is presented in Table 5. From this table, the 
significance level of each input parameter can be identified. A low value of the adjusted sum of squares (SS) and 
adjusted mean square (MS) indicates that the model is significant and has considerable reliability in prediction. 
The aging temperature shows a 95% confidence level and a 5% significance level. Furthermore, it has a 76.86% 
R-square value and an 80.97% adjusted R-square value which is somehow closer to 100%. So, the residual value 
is also pretended to be low. The final regression equation is given in Eq. (2).

Fig. 4.  Signal to noise ratio for furnace cooled condition.

 

Aging condition Load (N) Sliding distance (m) Wear rate (mm/m3)

Non-Aged 10 1000 0.00754

Non-Aged 20 1500 0.00972

Non-Aged 30 2000 0.01174

250 °C 10 1500 0.00244

250 °C 20 2000 0.00287

250 °C 30 1000 0.00269

450 °C 10 2000 0.00316

450 °C 20 1000 0.00331

450 °C 30 1500 0.00343

Table 3.  Design table of Al7075/WC composite under furnace cooled condition.
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Wear Rate
(
mm/m3)

= 0.00478 − 0.000015 Aging Condition (◦C) + 0.000084 Load (N)
+ 0.000001 Sliding Distance (m)

� (2)

The response surface graph, shown in Fig. 5, illustrates the interaction effects of the input parameters on the 
response (wear rate). Load has drastically increased the wear rate as shown in Fig. 5a. It shows the wear rate 
variation versus load and aging condition for the sliding distance (1500  m) as constant. Aging conditions 
reduced the wear rate because it increased the surface hardness. In Fig. 5b, the interaction of aging conditions 
and sliding distance is seen. Here, the load is maintained as constant (20 N). Sliding distance increases with an 
increase in wear rate but the aging condition changes the phenomenon35.

The interaction effect also negatively correlates with the response variable. The interaction effect of load and 
sliding distance increased the wear rate because both influence the wear rate positively, as shown in Fig. 5c. In 
the beginning, a low wear rate was found because the aging condition was maintained at 233.33 °C, which is an 
optimum aging condition for a low wear rate.

Atmospheric cooled condition
The aging of Al7075 reinforced with tungsten carbide at atmospheric conditions refers to the changes in the 
material properties and microstructure that occur over time due to natural aging processes. Aging typically 
executes the precipitation and growth of strengthening phases within the aluminum matrix, which enhance the 
material properties. Tribological characterization of prepared sample refers to study about interaction between 
surfaces in relative motion and, their resulting wear and friction behavior. Here, tribological characterization 
aims to understand how the addition of WC particles affects the wear rate of the samples. L9 orthogonal array 
was taken for the analysis as shown in Table 6.

The obtained minimum wear rate is 0.00483 mm/m3 at an applied load of 10 N, a sliding distance of 1000 m 
at 250 °C aging temperature, and the maximum wear rate is 0.01174 mm/mm3 at 30 N load and 2000 m sliding 
distance under non-aging condition. All the optimum conditions are given in Fig. 6 as named as a signal-to-
noise ratio graph. “Smaller is best” was selected for the optimum condition since the lower the wear rate increases 
the wear resistance which is best for the material industries. In this review, the optimum input parameters are 
the aging condition at 250 °C (A2), an applied load of 10 N (B1), and the sliding distance of 1500 m (C1). To 
get a minimum wear rate, the highlighted condition is best. The influence of these factors on the wear rate is 
significantly considerable.

The impact of each input factor is categorized by ranking method. The rank table based on the signal-to-
noise ratio value “smaller is better” condition is given in Table 7. The maximum delta value of 3.87 is obtained in 
aging conditions. This value varies for each input parameter. So, the aging condition has the rank 1 followed by 
sliding distance and load. The aging condition has more influence on wear rate than other input parameters such 
as sliding distance and load. The highest signal-to-noise ratio value was obtained at 1000 m (sliding distance). 
In this condition, the wear rate value was as low as possible but once it increased the wear rate also increased. It 
happens due to an increase in the sliding contact time as the sliding distance increases.

The ANOVA table has the raw data from the experiment, including the measurements taken and the 
corresponding experimental conditions. In this ANOVA Table 8. The calculated F-value and p-value for the 
input parameter variation are listed. The F-value was obtained by dividing the mean square between treatments 
by the mean square within treatments. All the p-values represent the significance level of the F-value. Here, 
except for the aging condition, all are significant because less than 0.05. It was obtained from Minitab statistical 

Source DF Adj SS Adj MS F-value P-value

Regression 3 0.000079 0.000026 5.66 0.046

Aging condition (°C) 1 0.000072 0.000072 15.36 0.011

Load (N) 1 0.000004 0.000004 0.90 0.386

Sliding distance (m) 1 0.000003 0.000003 0.72 0.436

Error 5 0.000023 0.000005

Total 8 0.000103

R2- value = 76.86% Adjusted R2-value = 80.97%

Table 5.  ANOVA table of Al7075/WC composite under furnace cooled condition.

 

Level Aging condition (°C) Load (N) Sliding distance (m)

1 40.44 48.54 48.36

2 51.50 47.43 47.26

3 50.47 46.44 46.78

Delta 11.06 2.10 1.57

Rank 1 2 3

Table 4.  Signal-to-noise ratio table of Al7075/WC composite under furnace cooled condition.
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Aging condition Load (N) Sliding distance (m) Wear rate (mm/m3)

Non-Aged 10 1000 0.00754

Non-Aged 20 1500 0.00972

Non-Aged 30 2000 0.01174

250 °C 10 1500 0.00483

250 °C 20 2000 0.00522

250 °C 30 1000 0.00563

450 °C 10 2000 0.00683

450 °C 20 1000 0.00758

450 °C 30 1500 0.00789

Table 6.  Design table of Al7075/WC composite under atmospheric cooled condition.

 

Fig. 5.  Response surface graph for furnace cooled condition, (a) Interaction between load and Aging condition 
(b) Interaction between Aging condition and sliding distance (c) Interaction between sliding distance and load.

 

Scientific Reports |        (2025) 15:20723 9| https://doi.org/10.1038/s41598-025-05805-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Source DF Adj SS Adj MS F-value P-value

Regression 3 0.000035 0.000012 9.02 0.018

Aging Condition (degree) 1 0.000016 0.000016 12.46 0.017

Load (N) 1 0.000006 0.000006 4.65 0.084

Sliding Distance (m) 1 0.000013 0.000013 9.94 0.025

Error 5 0.000006 0.000001

Total 8 0.000042

R2-value = 95.98% Adjusted R2-value = 93.57%

Table 8.  ANOVA table of Al7075/WC composite under the atmospheric cooled condition.

 

Level Aging condition (degree) Load (N) Sliding distance (m)

1 40.44 44.00 44.59

2 44.31 42.76 42.85

3 43.90 41.88 41.21

Delta 3.87 2.11 3.38

Rank 1 3 2

Table 7.  Signal-to-noise ration table of Al7075/WC composite under atmospheric cooled condition.

 

Fig. 6.  Signal-to-noise ratio for atmospheric cooled condition.
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software using the degrees of freedom. The R2-value (95.98%) and Adjusted R2-value (93.57%) control the high 
confidence level of the model. The regression Eq. 3 shows a significant coefficient value.

	

Wear Rate
(
mm/m3)

= 0.00277 − 0.000007 Aging Condition (degree) + 0.000100 Load (N)
+ 0.000003 Sliding Distance (m)

� (3)

In this analysis, a significant difference is found in wear rate between the maximum level and the minimum 
level. Figure 7a shows the wear rate variation between aging conditions and sliding distance. Wear rate increased 
with an increase in load, whereas wear rate decreased with an increase in aging temperature with the decrease 
in wear rate percentage of decline is significantly considerable which is 31% compared to the high wear rate. In 
Fig. 7b, the phenomenon is normal as previously. It shows the variation in wear rate when the input parameters, 
such as aging condition and specific wear rate increased while keeping the load (20 N) constant. Sliding distance 
increased the wear rate but it was low in the beginning. The aging condition reduced the wear rate. Figure 7c. 
shows the variation in wear rate when the input parameters, such as load and sliding distance, are changed 
while keeping the aging condition (250  °C) constant. Low wear was obtained at a minimum load of 10  N 
and a minimum sliding distance of 1000 m. Further increases were observed when the interaction value was 
increased36,37.

Fig. 7.  Response surface graph for atmospheric cooled condition (a) Interaction between Aging condition and 
sliding distance (b) Interaction between load and Aging condition (c) Interaction between sliding distance and 
load.
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Water-cooled condition
The prepared material Al7075 reinforced with 4 wt% of Tungsten carbide (WC) composite is heated to 250 
and 450  °C and then it is cooled with water. The tribological behavior changes between non-aged and aged 
with water-cooled have been discussed using Taguchi L9 orthogonal array as shown in Table 9. The obtained 
minimum wear rate of the composite was 0.00709 mm/m3 and the maximum value was 0.01174 mm/m3 as given 
in the design table. Three factors with three levels have been considered for this study.

The calculated optimum condition using a signal-to-noise ratio graph is given in Fig. 8. “Smaller is best” was 
selected for the optimum condition since the lower the wear rate increases the wear resistance, which is best for 
the material industries. As same as in the previous study, the optimum input parameters are the aging condition 
at 250 °C (A2), an applied load of 10 N (B1), and the sliding distance of 1500 m (C1). To get a minimum wear rate, 
the highlighted condition is best. The influence of these factors on the wear rate is significant and considerable.

The rank table based on signal-to-noise ratio value “smaller is better” condition is given in Table 10. The delta 
value varies for each input parameter, which ordered the rank of the input factors. In this study, sliding distance 
has a higher delta value, so it has the rank 1 followed by aging condition and load.

Fig. 8.  Signal to noise ratio for water cooled condition.

 

Aging condition Load (N) Sliding distance (m) Wear rate (mm/m3)

Non-Aged 10 1000 0.00954

Non-Aged 20 1500 0.00972

Non-Aged 30 2000 0.01174

250 °C 10 1500 0.00709

250 °C 20 2000 0.0753

250 °C 30 1000 0.00796

450 °C 10 2000 0.00961

450 °C 20 1000 0.00811

450 °C 30 1500 0.00921

Table 9.  Design table of Al7075/WC composite under water-cooled condition.
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The sliding distance has more influence on wear rate than other input parameters, such as aging condition 
and load. The highest signal to noise ratio value was obtained at 1000 m (sliding distance). In this condition, it 
minimized the wear rate but once it increased the wear rate also increased. It happens due to an increase in the 
sliding contact time as the sliding distance increases. The significance level of each input parameter has been 
analyzed to get the optimum wear condition. The analysis of variance (ANOVA) table for each input parameter 
is given in Table 11. The significance level of each input parameter can be identified from this table. The low 
value of the adjusted sum of squares (SS) and adjusted Mean Square (MS) shows the model is significant and has 
considerable reliability in the prediction. Aging temperature shows a 95% confidence level and a 5% significance 
level. Furthermore, it has a 95.86% R-square value and a 93.37% adjusted R-square value, which is somewhat 
closer to 100%. So, the residual value is also pretended to be low. The final regression equation is given in Eq. (4). 
The residual value is minimized compared to the previous study. All input parameters have a p-value below 
0.05, which means the accuracy level is high. According to the F-value, the influence of sliding distance is high 
compared to other parameters.

	

Wear Rate
(
mm/m3)

= 0.003678 − 0.000002 Aging Condition (Degree) + 0.000048 Load (N)
+ 0.000003 Sliding Distance (m)

� (4)

The response surface graph represents a three-dimensional surface on a two-dimensional plane. It is constructed 
by the connect points of equal value, highlighting levels of interaction or intensity across the surface and the 
response surface graph is commonly used to visualize data that varies continuously across a surface. The 
interaction effect of the input parameter on wear rate was studied from a response surface graph. The obtained 
response surface graph is given in Fig. 9, and the interaction effect of the input parameter on the response (Wear 
rate) was found in these graphs. In Fig. 9a, the interaction of aging condition and sliding distance is studied by 
keeping the sliding distance (1500 m) constant. It witnesses of higher wear rate at maximum load conditions 
but the aging temperature increases with a decrease in wear rate. In Fig. 9b, the load is maintained as constant 
(20 N), and the aging condition and sliding distance vary within the boundary. Sliding distance increases with an 
increase in wear rate but the aging condition changes the phenomenon. The interaction effect also has a negative 
correlation to the response variable. The interaction of load and sliding distance has drastically increased the 
wear rate as shown in Fig. 9c. Finally, an interaction effect of load and sliding distance increased the wear rate but 
the value is significantly low. Minimum wear occurs at an age-hardening temperature of 250 °C, while maximum 
wear is observed at 450 °C, a conclusion also reached by Khoman Kumar et al.38,39.

Scanning electron microscopic analysis
All three figures exhibit adhesive wear, where the softer aluminum matrix material adheres to the counter 
surface and then gets torn away during sliding. This is evident in the grooves and scratches that were observed. 
The severity of the wear decreases as the sliding distance gets shorter (from Fig. 10a to c). This suggests that the 
wear is most substantial initially and then the wear rate stabilizes.

Figure 10a shows the most extensive wear with deep grooves, debris, and scratches. There are also some areas 
of microcracking and spalling (chipping) of the tungsten carbide particles. This suggests that the high load and 
long sliding distance contributed to adhesive wear in the composite40. The wear in Fig. 10b is less severe than 
in Fig. 10a, with shallow grooves and scratches. There is also less evidence of microcracking and spalling. This 
suggests that the shorter sliding distance led to low wear. Figure 10c shows the least wear, with very fine grooves 

Source DF Adj SS Adj MS F-Value P-value

Regression 3 0.000019 0.000006 38.55 0.001

Aging Condition (Degree) 1 0.000002 0.000002 10.70 0.022

Load (N) 1 0.000001 0.000001 8.50 0.033

Sliding Distance (m) 1 0.000016 0.000016 96.45 0.000

Error 5 0.000001 0.000000

Total 8 0.000020

R2-value = 95.86% Adjusted R2-value = 93.37%

Table 11.  ANOVA table of Al7075/WC composite under water cooled condition.

 

Level Aging condition (degree) Load (N) Sliding distance (m)

1 40.44 41.54 42.77

2 41.51 41.03 40.93

3 41.35 40.73 39.60

Delta 1.08 0.81 3.17

Rank 2 3 1

Table 10.  Signal-to-noise ration table of Al7075/WC composite under the water-cooled condition.
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and scratches and almost no microcracking or spalling. This suggests that the wear is minimal at this load and 
sliding distance. In conclusion, this study intricate relationship between aging temperature and the tribological 
behavior of aluminum tungsten carbide composites. The optimization process, guided by the Taguchi method, 
identified specific conditions that enhance wear resistance under different cooling environments.

The predominant wear mechanism is abrasion, attributed to the presence of hard WC reinforcements and 
microcrack formation at the particle–matrix interface, whereas plastic deformation becomes more evident 
under elevated loads or when the aging-induced strengthening of the matrix is insufficient. The overall wear 
behavior is governed by the combined effect of these mechanisms, which are significantly influenced by the heat 
treatment conditions, WC particle content, and operational parameters. SEM analysis often shows pitting, deep 
grooves and smeared layers, especially in samples subjected to higher loads.

Conclusion
The following are the significant outcomes of this study. The constructive and systematic findings are well 
organized, which were obtained from all the experiments.

Fig. 9.  Response surface graph for water cooled condition (a) Interaction between Aging condition and sliding 
distance (b) Interaction between load and Aging condition and load (c) Interaction between sliding distance 
and load.
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	1.	 The study utilized the Taguchi method to optimize the age-hardening temperature for an aluminum tungsten 
carbide composite. Three aging temperatures (non-aged, 250 °C, and 450 °C) were considered, and the wear 
characteristics were investigated using a computerized pin-on-disc test setup.

	2.	 The hardness and wear characteristics of Al7075/WC composite were evaluated under various aging temper-
atures and cooling environments. The results indicated that aging at 250 °C resulted in the highest hardness 
and maximum wear resistance compared to other ageing temperatures.

	3.	 The composite aged under furnace cooling at 250 °C exhibited superior hardness due to the formation of pre-
cipitates with a higher volume fraction of Mg2​Si and MgZn2​, which effectively act as barriers to dislocation 
motion, thereby enhancing the composite’s properties. The aging condition significantly influenced the wear 
rate, with optimal performance observed at 250 °C.

	4.	 In the XRD analysis, the maximum intensity of peaks was observed in the composite aged at 250 °C, con-
firming that a higher volume of precipitates was formed compared to other aging temperatures. This results 
in enhanced strength properties of the Al7075-WC composite across all cooling media.

	5.	 Through optimization, it was determined that the optimum conditions for minimizing wear rate varied 
based on the cooling environment. For furnace-cooled conditions, aging at 250 °C with a load of 10 N and 
sliding distance of 1000 m yielded the best results.

	6.	 Similar optimization was performed for atmospheric and water-cooled conditions. For atmospheric cooling, 
aging at 250 °C with a load of 10 N and a sliding distance of 1000 m was identified as optimal. The study 
confirms that an increase in load and sliding distance leads to greater wear of the composite.

	7.	 The study demonstrated that the choice of aging temperature significantly impacts the mechanical and tribo-
logical properties of the composite. The findings provide valuable insights for materials industries aiming to 

Fig. 10.  Worn-out surface after wear test of composite aged at 250 °C under furnace cooled (a) Wear condition 
of 20 N load and 2000 m sliding distance, (b) Wear condition of 20 N load and 1500 m sliding distance (c) 
Wear condition of 20 N load and 1000 m sliding distance.
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enhance wear resistance. Further research could explore additional parameters and real-world applications 
of the optimized composite.

	8.	 The SEM observations suggest that adhesive wear is the primary mechanism in these samples. The severity 
of the wear is influenced by the load, sliding distance, and possibly the age-hardening temperature of the 
composite.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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