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A B S T R A C T

Copper matrix composites are proving to be a suitable match for the present engineering 
needs of the market where higher temperature resistance and good microstructural stability 
are required. Powder metallurgy technique was used to procure the powder mixture, Cu-2Zr-
0.6B (wt.%). Different mechanical alloying (MA) parameters were examined with the main 
focus on time, ranging from 10 h to 40 h. SEM analysis was employed to determine structural 
and morphological changes of the mechanically alloyed powder mixture. MIPAR image 
analysis software was used to complete the quantitative analysis of the mechanically alloyed 
CuZrB powders. Changes in size and shape of powder particles were determined during up 
to 40 h of MA with key points after every 10 h. It was concluded that the powder particle size 
decreases as the MA time increases. With the increase in MA time the area of each particle 
decreases due to the dominant plastic deformation mechanisms as particles undergo high 
forces through ball-particle-ball and wall-particle-ball collisions during the MA process.
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1. Introduction

Over the past few years, there has been a noticeable surge in 
the popularity of metal matrix composites (MMC), because of their 
significantly enhanced and advanced properties compared to the 
traditional materials (Jamwal et al., 2020). Copper (Cu) is the most 
commonly added element to alloys in the form of powder, mainly 
because it’s affordable, easily accessible, and has the ability to enhance 
the properties of the alloys (Zhang et al., 2015). Above mentioned 
enhancements in copper-based MMCs are proved to be a suitable 
match for the present engineering needs of the market where higher 
temperature resistance and good microstructural stability are required 
(Jamwal et al., 2020), (Zhang et al., 2015), (Gautam et al., 2018), 
(Srivatsan et al., n.d.), (Chawla & Chawla, n.d.), (Wong-Ángel et al., 
2014), (Şap et al., 2021). Copper-based MMCs are widely employed 
in various applications including thermal management, electronics, 
submarine components, aerospace and defence, walls of fusion 
reactors, gas turbine blades, niobium-based superconductors, medical 
devices, automotive parts, and structural components (Jamwal et al., 
2020),(Srivatsan et al., 2000), (Chawla & Chawla, n.d.), (Şap et al., 
2021), (Suneev Anil Bansal et al., n.d.), (Ružić et al., 2014), (Shang et 
al., 2014), (Malaki, 2021).  

One of the main reasons that CuZrB composite materials are 
attracting more and more interest is their unique combination of 
properties, such as combination of high strength and excellent electrical 
conductivity. Processing technique plays a major role and influences the 
properties of these composite materials (Shaik & Golla, 2019).

Traditionally, the majority of copper-based MMCs have been 
predominantly manufactured through powder metallurgy (PM) process 
(Alkindi et al., 2023). As processing techniques advance sustainably, 
the PM route has gained widespread popularity owing to its strong 
sustainability, precise capabilities, and exceptional dimensional 
accuracy, all while minimizing scrap waste during the fabrication 
process (Alkindi et al., 2023), (Wang et al., 2023).

In the PM process, metal powders are mixed with ceramic particles, 
compacted, and then sintered to create the final composite  (Eessaa et 
al., 2023), (Pingale et al., 2021), (Paul et al., 2023), (Shaik et al., 2021), 
(Akhtar et al., 2018). This method enables precise control over factors 
like the size, distribution, and arrangement of ceramic particles within 
the metal matrix (Shaik et al., 2021). This allows the optimization of the 
mechanical, electrical, and optical properties of the composite material 
(Akhtar et al., 2018).

The MA process is influenced by several critical factors that play 
essential roles in producing uniform materials (Wu et al., 2023), (El-
Eskandarany, 2001), (Prasad Yadav et al., 2012). The core process 
within a mill aimed at generating high-quality powders with controlled 
microstructures involves the repetitive sequence of welding, fracturing 
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and subsequent re-welding of a mixture of diffusion-coupled powders. 
Establishing the right balance between fracturing and cold welding is 
pivotal for achieving successful MA (Cai et al., 2023).

It’s widely recognized that the properties of the MA powders as 
the final product, including aspects like particle size distribution, 
disorder or amorphization degree, and stoichiometry, hinge on the 
milling conditions (Taha et al., 2019). Therefore, the better the control 
and monitoring of these conditions, the higher the quality of the final
product. The most important factors that need to be taken into account 
include time, types of milling media, atmosphere, milling media-to-
powder weight ratio and the type of mills used (Suryanarayana, 2022).

The reason these composite materials are studied mostly relies 
on their potential to enhance the mechanical, thermal, and electrical 
properties of copper-based materials. The addition of zirconium and 
boron refine grain structure, improves strength, and enhances thermal 
stability, making CuZrB powders valuable for high-performance 
applications in aerospace, electronics, and structural materials. 

In this study, MA in ball mill in order to obtain the CuZrB composite 
materials is assessed. Different times of MA were chosen for this 
particular study: 10 h, 20 h, 30 h, and 40 h for a ball-to-powder ratio 
of 10:1. A quantitative analysis of obtained composite powders was 
provided and discussed.

2. Materials and methods

The initial copper powder had a particle size of ~15 µm (99.5% pure), 
zirconium ~1 µm (99.5% pure), and boron ~0.083 µm (97% pure). The 
Cu-2Zr-0.6B (wt.%) mixture was homogenized for 1 h in a Turbula 
shaker mixer type T2C. The MA process followed homogenization, 
has been done in the same Turbula mixer with the following process 
parameters: stainless steel balls with 6 mm diameter, ball-to-powder 
wt. ratio 10:1, inert argon atmosphere, MA time from 10 h to 40 h (10 h 
increment), and rotation speed of 330 rpm.

Scanning electron microscopy (SEM) analyses performed using the 
JEOL-JSM 5800LV microscope, was used to determine the influence of 
the MA time on the microstructural and morphological changes of the 

CuZrB powder mixtures. Materials Image Processing and Automated 
Reconstruction (MIPAR™) image analysis software was used to 
complete the quantitative analysis of the mechanically alloyed CuZrB 
powders (Sosa et al., 2014).

3. Results and discussion

Using the MIPAR image analysis software to do the quantitative 
analysis of the SEM images that we have made, provided us with 
valuable data on the powders that have been previously mechanically 
alloyed. As we know, the MA process is the focal point of producing 
CuZrB composite powders and as a result different parameters were 
examined. The most important factor chosen for this study is the MA 
time. Four different MA times were picked for the Cu-2Zr-0.6B powder 
mixture: 10 h, 20 h, 30 h, and 40 h. MIPAR software provides essential 
quantitative data that is crucial for understanding the MA process 
better. For this study data about caliper diameter (largest line length 
that fits across each feature), area (area of each particle), minimum 
diameter (smallest line length between two tangential parallel lines), 
and equivalent diameter (diameter of each feature if each was circle of 
same area) were provided for all samples.  

The SEM images analyzed using this software are provided for all 4 
times in relation with the caliper diameter (Figure 1). With the increase 
in MA time, the shape of powder particle drastically changes (from a 
round shape to a pancake shape) where the size of caliper diameter 
increases to a certain point, as the dominant mechanism is welding of 
the particles. After that point is passed, the caliper diameter continues 
to decrease as the dominant mechanism is particle breakage.  

Figure 2. shows area analyzed for Cu-2Zr-0.6B powders after 
different MA time. It can be seen that for 10 h of MA, most particles 
have an area lower than 2000 μm2. There are less particles with bigger 
areas and a few particles with the area of 6.000 μm2 - 10.000 μm2. A 
similar trend can be seen for 20 h of MA. Most particles have an area 
lower than 1000μm2. There is a comparable number of particles with 
the area from 1.000 to 2.000 μm2. There are far less particles with the 
area of 4.000-5.000 μm2. We can see that due to longer milling times 

Fig. 1. SEM images given in relation to caliper diameter for Cu-2Zr-0.6B powders after MA time of a) 10 h; b) 20 h; c) 30 h; d) 40 h
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Fig. 2. Histogram showing area analyzed for Cu-2Zr-0.6B powders after MA time of a) 10 h; b) 20 h; c) 30 h; d) 40 h

Fig. 3. Histogram showing caliper diameter analyzed for Cu-2Zr-0.6B powders after MA time of a) 10 h; b) 20 h; c) 30 h; d) 40 h 
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the area of individual particles decreases. For MA of 30 h, we can see 
that the most particle areas are smaller than 250 μm2. There are almost 
no particles with the area size bigger than 1.500 μm2. For 40 h of MA, 
the particles area is even smaller with most particles having an area 
smaller than 50 μm2. There is a finer distribution of particles ranging 
from 50 μm2 - 500 μm2.  

Figure 3. shows caliper diameter analyzed for Cu-2Zr-0.6B powders 
after different MA time. For 10 h of MA it can be seen that most particles 
have a caliper diameter of around 75 μm. We can see that there are 
fewer particles with much smaller caliper diameter (<20%), and with 
much higher caliper diameter (<15%). For 20 h of MA, we can see a 
finer distribution of the caliper diameter with most particles having the 
caliper diameter in the range of 40 μm - 60 μm. For 30 h and 40 h of 
MA, again, the values for caliper diameter are expectedly smaller than 
50 μm and 40 μm, respectively. 

Figure 4. shows minimum diameter analyzed for Cu-2Zr-0.6B 
powders after different MA time. Minimum diameter of the most 
particles MA for 10 h is in the range of 40 μm - 60 μm. For 20 h it 
reduces to a range of 30 μm - 40 μm. Full range of minimum diameter 
for particles after 10h of MA is 0 μm -120 μm, and after 20 h of MA is 0 

μm -70 μm. The full range reduces after 30 h (0 μm - 55 μm) of MA and 
especially after 40 h (0 μm - 25 μm). Most particles after 30 h of MA 
have a minimum diameter of ~5 μm -10 μm and for 40 h; ~5 μm. 

Figure 5. shows equivalent diameter analyzed for Cu-2Zr-0.6B 
powders after diff rent MA time. Overall, equivalent diameter decreases 
with MA time as expected. We can see a fine distribution of particles 
with equivalent diameter of ~20 μm - ~80 μm for 10 h of MA with the 
most having an equivalent diameter of ~60 μm. For 20 h of MA, we 
have a fi e distribution between 0 μm - ~60 μm, with the most particles 
having an equivalent diameter of ~40 μm. After longer MA times, we 
can see a drastic decrease in equivalent diameter. Most particles after 
30 h of MA have an equivalent diameter of around 10 μm, with a range 
of 0 μm - ~55 μm. After 40 h of MA, most particles have an equivalent 
diameter within the range of 0 μm - ~30 μm. 

4. Conclusions

The results indicate that increasing the MA time leads to a 
progressive reduction in particle size. As MA time increases from 10 h 

Fig. 4. Histogram showing minimum diameter analyzed for Cu-2Zr-0.6B powders after MA time of a) 10 h; b) 20 h; c) 30 h; d) 40 h 

Table 1. Number of particles analyzed and the most common area size [μm2], caliper diameter [μm], minimum diameter [μm] and equivalent diameter [μm] analyzed 
by MIPAR Image Analysis software for Cu-2Zr-0,6B (wt.%), 10:1 (ball: powder ratio), 10h, 20h, 30h and 40h of mechanical alloying.

Sample Total particles Most common 
size[μm2]

Most common caliper 
diameter[μm]

Most common mini-
mum diameter[μm]

Most common equiva-
lent diameter[μm]

10h 53 ~1000 ~75 ~50 ~60

20h 88 ~500 ~50 ~35 ~40

30h 161 <250 ~15 ~7.5 ~10

40h 231 <50 ~5 ~5 ~5

This data shows that with the increase in milling time, the size of the particles decreases (~1000 to <50), as well as the diameters shown in Table 
1. This happens due to the repeated fracturing and cold welding of powder particles inside the high-energy ball mill.
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to 4 0h, the particle area significantly decreases, with the majority of 
particles shifting to smaller size ranges. Similarly, the caliper diameter, 
minimum diameter, and equivalent diameter exhibit a continuous 
reduction, reflecting the impact of prolonged MA. It can also be 
noted that there are more particles in smallest size range as the MA 
time increases. This suggests that continued MA leads to particle size 
reduction and more uniform distribution. 
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