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Development of empirical relationships for preDiction of mechanical anD Wear Behavior  
of copper matrix surface composite By friction stir processing technique

in this investigation, Copper matrix Surface Composites (CmSCs) were reinforced with various ceramic particles like Alu-
minum Nitrate (AlN), Titanium diboride (TiB2), and rice husk Ash (rhA) are used to increase the metallurgical and mechanical 
properties by Friction Stir processing (FSp). The Design of the experiment (Doe) Taguchi L9 orthogonal array method was used. 
The process parameters considered were groove width and various types of reinforcement particles. The fabrication of CmSCs 
was achieved by using optimized process parameters, such as the tool transverse speed of 40 mm/min, rotational tool speed of 
1000 rpm, and an axial load of 10 kN with one pass. The influence of FSp process parameters on CmSCs in the stir zone is ob-
served through optical microscope (om), Field emission Scanning electron microscope (FeSem), and Transmission electron 
microscope (Tem). mechanical properties such as microhardness and wear rate are studied and compared. it reveals that good 
interfacial bonding was produced between ceramic particles in CmSCs. TiB2 reinforced with copper matrix surface composites 
enhance microhardness and had a lesser wear rate.
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1. introduction

Copper is mostly considered for thermal and electrical 
conduction. its superior properties of ductility, high resistance 
to corrosion and oxidation led to easy fabrication. Because of 
those characteristics, copper has high attention from various 
manufacturing industries. it is not restricted to optical, electri-
cal, and thermal industries [1,2]. Some limitations of copper are 
low mechanical strength, low hardness, and less wear resistance. 
These properties need enhancement for particular applications, for 
example, electrical contact breakers, nozzles, and bearing bushes, 
etc. These properties may be improved in heat treatment [3], alloy-
ing [4], dispersion strengthening [5], and plastic deformation [6]. 

Strengthening of copper through dispersion reinforcement 
particles is widely accepted. These particles are reinforced 
into the copper matrix known as Copper matrix Composites 
(CmC). Some CmC materials are required to increase hard-
ness and wear resistance without significant degradation of 
the electrical and thermal conductivity of the copper [7]. The 
ceramic particle’s different types, for example, TiC [8], SiC [9], 
Al2o3 [10], and WC [11] are utilized by way of reinforcements 
for fabricating CmC. The selection of reinforcement is rhA as 
1 DepArTmeNT oF meChANiCAL eNGiNeeriNG, m. kumArASAmY CoLLeGe oF eNGiNeeriNG, kArur, TAmiLNADu, iNDiA
2 DepArTmeNT oF meChANiCAL eNGiNeeriNG, kS rANGASAmY CoLLeGe oF TeChNoLoGY, TiruCheNGoDe, TAmiLNADu, iNDiA
3 DepArTmeNT oF meChANiCAL eNGiNeeriNG, Dr. NGp iNSTiTuTe oF TeChNoLoGY, CoimBATore, TAmiLNADu, iNDiA

* Corresponding author: saravananmeksr@gmail.com

a cultivation waste. This is available in large amounts of quan-
tity in india, Brazil, and China. Aluminum-based composites 
reinforced with rhA particles were improved their properties 
[12,13]. hence, Aluminium Nitrate (AlN) is the right choice for 
the selection of reinforcement to fabricate CmSC, particularly in 
electrical and electronic industry applications. it also has good 
thermal and electrical conductivities. it has a low coefficient 
of thermal expansion, high dielectric constant, and chemical 
stability [14,15]. producing Cu/AlN composites will increase 
the wear resistance, besides decreasing the piling of thermal 
stress in electrical and electronic machinery types. A very few 
investigators reported that Cu/AlN properties are improved by 
the methods of mechanical alloying [16], hot pressing [17], pres-
sure infiltration [18], vacuum infiltration [19], gas, and reactive 
infiltration [20], etc. The selection of TiB2 reinforcement is a most 
traditional ceramic material that keeps a suitable combination of 
mechanical and physical properties, such as fairly melting high 
temperature, good electrical conductivity, high hardness, and 
elastic modulus. hence, TiB2 particles enhance properties for 
copper matrix composites. Currently, CmC was produced utiliz-
ing a wide range of liquid metallurgy and solid-state methods. 
The production techniques as follows: powder metallurgy process 
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[21] mechanical alloying process [22], the hot pressing process 
[23], spark plasma sintering [24], laser melting process [25], stir 
casting process [26], squeeze casting method [27], pressure less 
infiltration [28], combustion synthesis [29] and spray forming 
method [30]. it is tough to produce with greater properties CmCs. 
There are various types of defects such as porosity, cluster forma-
tion, and non-uniform dispersion, grain boundaries along with 
segregation, interfacial bonding reactions in the matrix material, 
and reinforcing particles that occur in CmCs. many investiga-
tors have analyzed parameters using central composite design in 
friction stir welding. empirical relationships were generated to 
predict the mechanical properties of CmCs by statistical analysis.

FSp technique was used to fabricate metal matrix Surface 
Composites (mmSC) recently [31]. The FSp working principle 
depends upon Friction Stir Welding (FSW) [32]. The hybrid 
mixture of advanced ceramic particles dependent on nitride 
(25% AlN + 75% BN) was spread via the FSp technique on 
the copper matrix surface at various volume fractions. The ef-
fects revealed an increase in mechanical characteristics to the 
increased particle dispersion [33]. FSp is a thermo-mechanical 
process that combines the production of composites with the 
processing of plastic deformation and frictional heat. Thus, the 
main scope of this investigation was to produce Cu/AlN, Cu/
TiB2, and Cu/rhA composites as well as evaluate the micro-
structural characteristics in addition to microhardness and sliding 
wear behavior of the CmSCs.

2. experimental procedure

2.1. process parameters identification

The CmSCs are influenced by FSp parameters of the groove 
width (W), and ceramic particle type (C) are significant influ-
ences the material properties.

2.2. limits of the fsp parameters

The operating range of every process parameter is identified 
and fixed at different trial runs. In the friction stir processing 
specimens, defects such as wormhole, pinhole, tunnel, etc., were 
minimized. FSp area is restricted for many defects based on the 
chosen limits of each factor. The limits to be coded as –1, 0, +1 
the factors lower and higher are used respectively to prepare the 
experimental data. process parameters are listed in Table 1 for 
selected levels using their units and notations.

TABLe 1

process parameters and their levels

sl
no process parameter notation

levels
–1 0 1

1 Width of the groove W 0.4 0.8 1.2
2 Ceramic particle C AlN TiB2 rhA

2.3. Developing a design matrix

The Taguchi method is well-established for the develop-
ment of optimizing product design or fabricating processes. 
it is used to develop the processing and machining parameters 
of manufacturing industries such as casting, forging, forming, 
and welding. A full factorial experimental design is attention to 
overall performance characteristics. These strategies utilized are 
adopted to decide the two response problems effectively. in this 
investigation, the determination of process parameters based on 
these two responses to be improved of CmSC given in Table 2.

TABLe 2

Design matrix using its experimental results

expe-
riment 

no.

Design 
matrix

experi- 
mental

Width of 
the groove

(mm)

micro 
hardness 

(hv)

Wear rate 
(x 10–5 
mm3/m)c W c W

1 –1 –1 AlN 0.4 0.4 78.2 211
2 –1 0 AlN 0.8 0.8 90.1 198
3 –1 1 AlN 1.2 1.2 109.4 175
4 0 –1 TiB2 0.4 0.4 98.1 171
5 0 0 TiB2 0.8 0.8 108.2 161
6 0 1 TiB2 1.2 1.2 128.3 141
7 +1 –1 rhA 0.4 0.4 79.4 210

8 +1 0 rhA 0.8 0.8 101.4 180

9 +1 1 rhA 1.2 1.2 116.2 160

2.4. production of cmscs as per the design matrix

pure copper, normally known as electrolytic copper, is 
the base metal. Chosen plates for the experimental analysis as 
per the dimensions 100 × 50 × 10 mm as displayed in Fig. 1. 
Table 3 presents the chemical composition of pure copper. The 
reinforcement particles such as AlN, TiB2, and rhA were chosen 
for surface modification of the copper material. The ceramic 
particles used for the experimentation confirmed with Sem 

TABLe 3
Composition of copper metal

element Zn al fe ni mg si c pb cu
% wt. 0.04 0.19 0.007 0.004 0.002 0.04 0.02 0.005 99.7

Fig. 1. Grooved copper base metal
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FSp machine process parameters are 1000 rpm tool rotational 
speed, 40 mm/min transverse speed in addition to10 kN an axial 
load was used with one pass without any tilt. FSp experiments 
were completed as per the design matrix. The plates processed 
for the FSp are seen in Fig. 4(a) Cu/AlN, (b) Cu/TiB2, and (c) 
Cu/rhA, respectively.

Fig. 3. Friction stir processing tool

Fig. 4. The crown appearance of the friction stir processed plates (a) 
Cu/AlN, (b) Cu/ TiB2, and (c) Cu/ rhA

2.5. recording the response parameters

The samples were machined to evaluate the microstructure, 
microhardness, and wear rate of the composites. The CmSC 
samples were polished with 20 grams of chromic acid, 2 grams Fig. 2. FeSem of ceramic particles (a) AlN, (b) TiB2, and (c) rhA

micrograph, and it is shown in Fig. 2 a size of groove depth 
4 mm and 0.4, 0.8, and 1.2 mm width was prepared in the center 
of the copper plate by wire-cut eDm and packed the particles 
with 6, 12, and 18% of volume fraction. A double tempered h13 
steel tool with pin fabricated as presented in Fig. 3 a pinless tool 
used on the surface of the grooved plates to close it. This method 
avoids the spreading of reinforcement particles on the outer 
surface of the machined groove during the stirring action. The 
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of sodium sulfate and 1.7 ml of hCl in 100 ml of distilled water 
by metallographic standards and color etched for a given period 
of 10 seconds. using an optical scanner, the digital image of 
the etched specimen’s macrostructure was captured. An om 
and FeSem take the micrographs. Copper matrix surface com-
posite microhardness was measured around the cross-section 
perpendicular to the process direction at different locations at 
a load of 500 g applied in the stir zone for 15 seconds. The wear 
characteristic of CmSCs was measured by employing a pin-on-
disc wear apparatus without lubrication at ambient temperature 
at the size of the pin 4 × 6 × 20 mm was used. Wear parameters 
such as load 30 N, sliding disc velocity is 1.5 m/s, and 3000 m 
sliding distance was used.

2.6. Development of empirical relationships

The process parameters’ functions are groove width and 
reinforcement particles, which are referred to as eq. (1).

 Y = f (C,W) (1)

The selection of the polynomial equation for expressed all 
responses eq. (2).

 Y = b0 + b1W + b2C + b11W2 + b22C2 + b12WC (2)

Where the average response is b0, and response coefficients are 
b1, b2, b11, b22, and b12 based on the effect of selection parameters. 
The coefficients are resolved by the utilization tool of miNiTAB 
16 Software. The mathematical models were developed while 
finding out the coefficients, and it was observed that the coef-
ficient’s confidence level was at 95%. The irrelevant coeffi-
cients are disposed of without disturbing the precision of the 
mathematical models and utilizing the understudy of the F-test. 
The mathematical models created with FSp processing factors 
encoded for the responses are statistical results of the regression 
models in eq. (3) and eq. (4)

 microhardness = 101.06 – 8.49 reinforcement AlN + 
10.48 reinforcement_TiB2 – 1.99 
reinforcement_rhA – 15.82 groove 
width_0.4 – 1.16 groove width_0.8 + 16.98 
groove width_1.2  (3)

 Wear rate = 178.56 + 16.11 reinforcement_AlN – 20.89 
reinforcement_TiB2 + 4.78 reinforcement_rhA + 
18.78 groove width_0.4 + 1.11 groove 
width_0.8 – 19.89 groove width_1.2 (4)

2.7. checking empirical relationships

The statistical significance of the empirical relationships is 
formed as given in Table 4. The expected values are closely equal, 
and the r-square value is 1 of the experimental result.  r-square 
expression reveals accepted empirical relationships. This is used 
to investigate all responses to the analysis of variance (ANovA) 
method, which is detailed in Table 5 at a confidence level of 95%; 
the assessment of the F ratio is calculated it is higher than that 
of the tabulated values. Also, the scatter diagrams in Fig. 5(a) 
show that a larger S-N ratio gives better results for hardness, 
and Fig. 5(b) shows that a lower S-N ratio gives better results 
for wear rate. Thus, the proven empirical relationships are suf-
ficiently adequate. 

TABLe 4

Statistical outcome results of the regression model

response r-square adjusted  
r-square

standard  
error

microhardness 0.98 0.96 0.02
Wear rate 0.96 0.93 0.03

TABLe 5

ANovA Consequences of the developed mathematical models

s. 
no response source sum of 

squares

Degrees  
of  

freedom

mean 
square f-ratio

1 micro-
hardness

regression 1619.77 2 809.88
26.91

residual 557.4 2 278.88

2 Wear rate
regression 2154.2 2 1078.11

28.79
residual 2248.2 2

2.8. validation of empirical relations

To validate the developed empirical relationships, conform-
ity tests were done. The evaluations completed at exceptional 
values of groove width and types of ceramic particles are meas-
ured in their response and design matrix. The results error in 
the prediction to be considered error percentage within ±5%, 
the developed empirical relationships accuracy confirms with 
displayed in Table 6.

 error percentage = [(measured value-predicted value) / 
 predicted value] × 100 

TABLe 6

Conformity experiments results

trial 
run

fsp parameter microhardness (hv) Wear rate x 10–5 mm3/m
W c actual value predicted value error (%) actual value predicted value percentage of error (%)

1 0.4 TiB2 98.1 96.76 1.34 171 175.4 4.4
2 0.8 AlN 90.1 92.23 2.13 198 194.6 3.4
3 1.2 rhA 116.2 114.33 1.87 160 164.4 4.4

average 1.78 4.06
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3. results and discussion

The effect of groove width and type of ceramic particle on 
the stir zone area of the CmSCs. The microhardness and wear 
rate has been predicted from the established empirical relation-
ships. The subsequent sections are to understand the possible 
reasons for the achieved results and compare the microstructure 
and mechanical properties of the CmSCs.

3.1. macrostructure of cmscs

Fig. 6 (a) Cu/AlN, (b) Cu/TiB2, and (c) Cu/ rhA illustrates 
macrostructure for CmSCs, which has an area of stir zone seen in 
defect-free. With the full formation of copper matrix composite 
and duration, the FSp materials are plasticized, and continuous 
flow is visible. The heat is produced by the shearing of the pin 
and friction of the tool shoulder. The macrostructure reveals that 
reinforcement particles mixed properly with plasticized copper, 
and the CmSCs formed. The plasticized material is formed as 
the complete consolidation, and it is called the stirred area [34]. 
The width of the stir zone is more than the diameter of the pin. 
Several factors, including the use of reduced travel speeds, can be 
attributed to the change. Copper has high thermal conductivity, 
which induces frictional heat distribution in the lateral direction 

and the progress in the copper deformation of additional frictional 
heat. The presence of reinforcement particles may have filled 
the entire region.

3.2. microstructural characterization

3.2.1. optical microstructure

The pure copper optical microstructure is presented in Fig. 7 
the microstructure of CmSCs fabricated by FSp is clearly illus-
trated in Fig. 8 (a) Cu/AlN, (b) Cu/TiB2, and (c) Cu/rhA. The 
stir zone confirms that the grains are very fine when compared 
to the copper matrix. This grain surface reduces the influence of 
plastic deformation along with the heat generated in the workpiece 
during the stirring process, the action leading to undergo recrystal-

Fig. 5. Scatter diagram of (a) microhardness (b) wear rate

Fig. 6. macrostructure of stir zone (a) Cu/AlN, (b) Cu/TiB2, and (c) 
Cu/rhA 
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lization. The grain size of ceramic particle variation during FSp 
is categorized by two states; the first states that during FSp fine 
grain size is attained that generation of frictional heat. Second 
one state that the reduced size of grain mostly happens by stirring 
action constantly. it is noticeable that the grain size of the CmSCs 
is very finer it was observed and compared with the copper.

Fig. 7. micrograph of pure copper

3.2.2. fesem microstructure

Fig. 9 (a) Cu/AlN, (b) Cu/TiB2, and (c) Cu/rhA presents 
the distribution of the particles inside the stir zone is revealed by 
FeSem micrographs. The distributions of ceramic particles are 
notified and are homogeneous. There is not even any cluster identi-
fied, the grain boundaries of particles segregated. The distribution 
of particles intra-granular and homogeneous is desired to attained 
superior properties of composites. These FeSem micrographs 
obtained in particles are distributed properly with the matrix mate-
rial. in this work, the optimized process parameters are carefully 
chosen to fabricate the CmSCs to achieve homogeneous and 
intragranular particle distribution. The FSp tool made by dynamic 
stirring action is used to knock off sharp corners of particles. 

Fig. 10 (a) Cu/AlN, (b) Cu/TiB2, and (c) Cu/rhA depict the 
higher magnification of the SEM micrographs; it is shown that 
there is no clustering of minor debris either seen. The good inter-
facial bonding and uniform distribution of the ceramic particles 
are attributed to sufficient frictional heat generation, optimized 
tool action, and plasticized material flow in the stir zone [35]. 

3.2.3. transmission electron microscopy images

Cu/AlN is presented as Tem images in Fig. 11 the images 
reveal in the grain structure are very fine besides high disloca-
tion density. This dislocation density performs being low within 
the grain areas. The reason may be accredited to discontinuous 
dynamic recrystallization. The maximum quantity of disloca-
tions may be recognized as the subsequent causes. metal is 

deeply deformed to produce the composite. AlN particles are 
not equivalent to the thermal properties of the copper matrix. 
The enlargement and reduction of both materials are not similar. 
Therefore, additional dislocations are formed to accommodate to 
mismatch the thermal properties. Tem image expressions show 
the presence of annealing twins. Cu/TiB2 composite Tem images 

Fig. 8. optical photomicrograph of CmSCs (a) Cu/AlN, (b) Cu/TiB2, 
and (c) Cu/rhA
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are shown in Fig. 12. it reveals that stimulating to notice ultra 
fine grains present maximum dislocation density. In the inner 
grain boundaries, minimum dislocation density is noticed. This 
influence is a dynamic recrystallization process and this high 
dislocation density effect is the following factors. Dislocations 
create while the material is exposed to deformation, and recrys-

tallized grains are frequently deformations. Also, the thermal 
mismatch between the TiB2 particles and copper creates extra 
dislocations in the composites [36]. The micrographs notice the 
dislocations and pinned grain boundaries then the TiB2 particles 
are subsidized to the Zener-pinning effect. Cu/rhA composite 
for Tem images are shown in Fig. 13 it reveals that ultrafine 

Fig. 9. FeSem micrograph CmSCs reinforced with: (a) AlN, (b) TiB2, 
and (c) rhA

Fig. 10. FeSem micrograph CmSCs at higher magnification (a) Cu/
AlN, (b) Cu/TiB2, and (c) Cu/rhA
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grains are just as maximum dislocation density. The inside areas 
of certain grains are plain and it shows the minimum dislocation 
density. The interface of the copper and rhA can be identified. 
The particle is not surrounded by a process layer.

3.3. microhardness of cmscs

CmSCs microhardness of Cu/AlN, Cu/TiB2, and Cu/rhA 
are shown in Table 2. The microhardness of pure copper is 64 hv. 

CmSCs upgrade the microhardness value above the base metal. 
The Cu/TiB2 attains a microhardness value of 128.3 hv. Fig. 14 
describes that when compared to the copper, the hardness value 
has been increased in the friction stir zone very well. The factors 
are as follows: (i) high hardness of ceramic particles (ii) grain 
size particle reduction as an outcome of dynamic recrystalliza-
tion (iii) particle grain size and (iv) quench hardening effect 
that thermal condensation variations occur after-effect between 
particles and base materials [37]. Ceramic particles of dispersion 
uniformly in the stir zone aspects, the reason for an increment 
of hardness. The FSp leads to be very high in dynamic re-
crystallization in that way fine grain size of CmSCs. The grains 
refined contribute to improving the hardness of the material. The 
CMSC’s mechanical properties are mostly influenced through 
shape, size, volume fraction, and types of reinforcement particles 
revealed a homogeneous distribution within the copper matrix. 

Fig. 13. Tem image of Cu/rhA CmSCsFig. 11. Tem image of Cu/AlN CmSCs

Fig. 12. Tem image of Cu/TiB2 CmSCs

Fig. 14. effect of reinforcement on microhardness
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The nonappearance of porosity and clusters confirms the mini-
mum difference of the hardness. Negligible shape variation of 
the ceramic particle to be considered. The particles are noticed 
irregular polygonal shapes. present experimental work shows 
the increased microhardness value concerning the selection of 
reinforcement because of dynamic recrystallization and uniform 
distribution of particles. The Cu/TiB2 hardness value is higher 
than compared to Cu/AlN and Cu/rhA.

3.4. sliding wear behavior of cmscs 

CmSCs wear rate of Cu/AlN, Cu/TiB2, and Cu/rhA are 
present in Table 2. The wear rate of pure copper is estimated 
as 248 × 10–5 mm3/m using pin-on-disc wear test apparatus. 
Combination with copper and ceramic particles enhanced wear 
rate is lower than the base metal of the copper the wear test 
specimens of size 4× 6× 20 mm are given in Fig. 15. Cu/TiB2 
reveals a minimum of 141 × 10–5 mm3/m wear rate, as shown 
in Fig. 16. The result shows that adding ceramic particles to 
CmSCs improves wear resistance significantly. Archard’s wear 
law state the relationship between wear rate and hardness [38]. 
While the material hardness is higher, and the wear rate will be 
lower. The hardness improvement is based on ceramic particle 
distribution and grain refinement for improvement to wear rate 
resistance. Scopes of CmSCs are upgraded with great hardness, 
also, to wear-resistant properties for selection of copper. By the 
statement, CmSCs with varying ceramic particles exhibits wear 
rate is lower while compared with the base metal. increases in 
ceramic particles dispersion, the wear rate tends to decrease 
generally caused by (i) ceramic particles distribution uniformly 
into copper matrix (ii) hardness of CmSCs is upgraded (iii) 
reduction in the surface of the copper matrix contact to rotat-
ing steel the particles to transfer the load away hence, highly 
reducing wear rate [39-40]. The other factors for reducing 
wear rate, particle grain size reductions that happen through 
the FSp, Copper being formable and ductile properties when 
contact with steel disc metal takes on plastic deformation that 
is called adhesion wear. The base metal undertakes both wear 
of abrasive and adhesion. Thus the ceramic reinforcement into 
the copper matrix decreases the material ductility and reduces 
the plastic deformation. The increase of microhardness value 
on the surface composite leads to the reduction of the metal 
removal rate for the duration of sliding wear. it reveals that 
the ceramic particles are a great benefit to decrease the wear 
rate of CmSCs.

4. conclusion 

Copper matrix with AlN, TiB2, and rhA surface compos-
ites was effectively fabricated through the FSp technique. The 
CmSCs observe microstructure; the mechanical properties of 
hardness and sliding wear behavior were assessed. The present 
investigations concluded as follows:

• The grain size refined in the friction stir processed copper 
matrix surface composites was observed. it has a finer while 
compared with the base metal. 

• SEM results revealed that the existence of ceramic particles 
in the copper matrix as well as confirming great interfacial 
bonding. 

• During FSP, ceramic particle’s shape and size did not change 
due to their minimum size smooth surface. unproduced 
pores or interface reactions are observed in ceramic particles 
while bonding appropriately with the copper matrix.

• The CMSCs deviation in stir zone, particle grain size, 
hardness, and sliding wear rate are within the short-range. 

Fig. 15. Wear test specimens

Fig. 16. effect of reinforcement on the wear rate
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Nevertheless, the Cu/TiB2 exhibited higher hardness and re-
sistance to wear rate compared to other CmSCs. This work 
Cu/X (X= AlN, TiB2, and rhA) produced a set of optimized 
process parameters. in order to increase the microhardness, 
enhancement in wear resistance was correlated.

• FSP technique is suitable for fabricating CMSCs reinforced 
with various ceramic particles attained desirable properties.
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