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a b s t r a c t

MMCs (metal matrix composites) are widely used in many industrial applications thanks to

their high specific strength. Nevertheless, this also poses a great challenge to their

machinability due to rapid tool wear and poor surface finish caused by the added rein-

forcement particles. Improving the machinability of MMCs is of great importance as it will

increase their performance and areas of applications. In this study, the machinability of Cu

composites reinforced with TieBeSiC powder particles (0-2-4-6-8 wt.%) produced at

different rates using powder metallurgy method was investigated. Cutting speed (Vc: 100

e150 m/min) and feed rate (fn: 0.2e0.4 mm/rev) were used as cutting parameters. The ef-

fects of these parameters on surface roughness, flank wear, and cutting temperature were

investigated. As a result of the turning experiments, it was observed that the surface

roughness decreased with increasing reinforcement ratio, and thus the best surface

roughness (Ra ¼ 0.22 mm) was observed in the 8 wt.% reinforced sample. The cutting

temperature and flank wear values increased as the reinforcement ratio increased. It was

observed that cutting temperature at the chipetool interface was the lowest (76 �C) in

MMCs sample with 2 wt.% reinforcement. The lowest flank wear (0.93 mm) was also

observed in the 2 wt.% reinforced sample. In addition, the chip morphologies of all samples

produced at different ratios were investigated after the turning process.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Products created by combining one or more materials are

called composite materials [1]. Thanks to its many physical

properties, it is preferred over other materials [2]. Composite

materials are frequently used in industry due to their superior

properties such as high wear resistance, high strength, and

high corrosion resistance [3e5]. Compared to traditional

machining processes, the processing of composites is

different [6]. Hard dust particles in composite materials can

cause damage to cutting tools. However, metal matrix com-

posite materials are known to be environmentally friendly

[7,8]. In composite materials, the main matrix consists of

copper, aluminum, titanium, andmagnesium [9,10]. CuMMCs

are used in the electronics, aerospace-aviation and automo-

bile sectors; It is frequently used in the production of impor-

tant structural parts such as heat sinks, conductive springs,

interconnections, and brake frictions [11e13]. Many studies

are carried out as examples of copper composites reinforced

with reinforcement powder particles [14,15]. Sadoun et al. [16]

investigated the mechanical and wear behavior of Ag coated

CueAl2O3 composites. They reported that the density

decreased and the sliding wear rate decreased with the addi-

tion of Al2O3. Sap [17], reported that she successfully produced

Cu/CoeMo composites by adding CoeMo powder particles

into Cu. Zuo et al. [18] reported that they produced composite

materials by using CNT reinforcement elements to strengthen

the copper main matrix. Powder metallurgy (P/M) is a com-

mon method for producing MMCs [19,20]. In the P/M method,

the powder particles aremixed and compressed in amold [21].

The composite material is given its final form by applying the

sintering process to the obtained material [22]. Sap et al. [23]

produced Cu MMCs by adding TieBeSiC at 0-2-4-6-8 wt.%

reinforcement ratios in pure Cu. The mechanical properties

(hardness, tensile, and three-point bending) of the produced

composites and the effects of different sintering temperatures

were investigated. They reported that the mechanical
Table 1 e A literature summary of the turning of the particle r

Ref. Reinforcement
Ratios (wt.%)

Main Matrix
Materials

Investigated
Parameters

[36] Mg (0.89-1.23-1.79)

Sb (0.64-1.39-2.34)

Cu65eZn35 Cutting Force,

Chip morpholog

[37] SiC (3-5-7)

Gr (3-5-7)

Al7075 Surface Roughn

Cutting Force,

Tool wear

[38] Mo (2-4-6)

SiC (3-6-9)

Cu Surface Roughn

Tool wear

[39] SiC (7.5) Ale4Cu Surface Roughn

Tool wear

[40] TiB2 (9) Ale4Cu Surface Roughn

Chip morpholog

[41] SiC (5-10-20) Al-5.3Cu-2.5Al2O3 Surface Roughn

Tool wear
properties improved with increasing the sintering tempera-

ture and up to a particular reinforcement ratio (4e6 wt.%).

Usca et al. [24] added 2.5-5-7.5 wt.% BeCrC reinforcement

particles to the Cumainmatrix and investigated the hardness

and wear properties. After the improved mechanical and

tribological properties, they investigated the machinability of

these MMCs, which were produced to increase their usability

in the industrial field, by turning method [25]. Sap et al. [26]

produced copper composites by adding 5-10-15 wt.% MoeSiC

into copper powders and examined their wear behavior.

Upon the improvement in the wear behavior of the produced

copper composites, they investigated the machinability

properties with the turning process [27]. Sintered composite

materials are used in many structural parts of automobiles

[28]. With the P/M method, complex-shaped materials can be

produced easily [23]. One of the machining methods used to

bring a material to the desired dimensions is using the con-

ventional turning process [29]. It is important to choose the

optimum parameter to obtain a good surface finish [30]. Das

et al. [31] TiC and SiC particles were added to AleCu alloys.

They observed that the Ti reinforcement particles improved

the machinability of the composite material. The surface

roughness of the machined parts can be highly dependent on

cutting conditions [32]. However, there are not enough studies

in the open literature on the effects of the MMC type being

machined and the resulting surface roughness [33]. For these

reasons, studies on the machinability of MMCs are of great

importance [25]. Kesarwani et al. [34] revealed that the ma-

terial removal rate between the tool and workpiece interfaces

of hybrid and eggshell aluminum matrix composites was

43.24% higher than that of the base alloy. In MMCs, the type

and ratio of additives have a significant effect on machin-

ability [35]. The particle additive ratio was shown to be the

most critical factor impacting surface roughness, tool wear,

and cutting temperature when turning Cu/Mo-SiCp compos-

ites [27]. New MMCs are continuously being developed and

studying their machinability is of a great importance to

facilitate their use in different industrial applications. Table 1
einforced composites.

Effect of Reinforcement on Machinability

y

Lower cutting force, Improved chip morphology.

ess, Gr particles improve surface roughness. Lower cutting force.

Less tool wear.

ess, The most effective parameter in surface roughness is the

strengthening ratio. As the reinforcement ratio increases,

the flank wear increases.

ess, Surface finish tends to improve as cutting speed increases,

but low cutting speed results in poor surface quality.

Increased cutting forces with increased flank wear.

ess,

y

Higher cutting speed and low feed produce a better surface

polish. Because of the strengthening, the chip breakability is

improved.

ess, The surface roughness of machined specimens rises as the

size of the SiC particles increases. The rate of material

removal was reduced when the reinforcing particle size was

increased.
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Table 2e Some physical properties ofmetal powders [23].

Powders Density
(g/cm3)

Melting
temperature

(�C)

Particle
size (mm)

Purity
(%)

Copper 8.960 1083.0 45e75 �99.92

Titanium 4.545 1668.7 50e70 �99.80

Boron 2.340 2180.0 <1.80 �99.10

Silicon

carbide

3.212 2730.0 45e75 �98.00

Table 3e The reinforcement ratios used in the tests of the
composites produced.

Samples Cu
ratio
(wt.%)

Ti
ratio
(wt.%)

B ratio
(wt.%)

SiCp

ratio
(wt.%)

Number of
Samples
(Piece)

0 wt.% 100 e e e 4

2 wt.% 98 0.500 0.250 1.250 4

4 wt.% 96 1.000 0.500 2.500 4

6 wt.% 94 1.500 0.750 3.750 4

8 wt.% 92 2.000 1.000 5.000 4

Table 4e Some physical properties of the cutting tool [27].

ISO number CNMG 120408 GT

The direction of the cutting tool Neutral

The thickness of the cutting tool (mm) 4.76

Corner Radius of the cutting tool (mm) 0.8

Chip breaker code GT

Chip breaker style Molded, on two sides

Clearance angle (�) 0

Material of cutting tool Carbide

Coating material TiCN þ Al2O3þTiN

Included angle (�) 80

Insert holding type Screw

Rake Negative

Shape Rhombic

No. of cutting edge 4
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shows a summary of past studies which investigated the

machinability of MMCs through turning process.

Understanding chipmorphology plays an important role in

machining process optimization, including surface integrity,

cutting force, and tool condition. Marani et al. [42] reported

that parameters such as surface integrity, feed rate, cutting

speed, and depth of cut in machinability highly affect the chip

morphology. Changes in chip shape can negatively affect the

cutting tool and the workpiece. Some of the temperatures

between the cutting tool and the workpiece are carried away

during chip removal. The chips should break without under-

going excessive stretching [43].

This study aims to expand the industrial use of composite

materials (0-2-4-6-8 wt.% Cu/TieBeSiC) with mechanical

properties developed in our previous study by emphasizing

the machinability properties. In the literature, the machin-

ability studies of Cu composite materials with improved

mechanical properties are few and there is a need for

research in this area. Final shaping is very important for the

industrial use of these Cu MMCs, which have superior
Fig. 1 e Toolpaths creat
properties compared to pure copper. This study is the first in

the literature in terms of the novelty of the composite ma-

terials used. Therefore, the machinability of these materials

was examined through the turning process. In this study, the

machinability characteristics such as surface roughness,

cutting temperature, tool wear, and chip morphology were

investigated. Different feed rates (fn) and cutting speeds (Vc)

were used.
2. Materials and methods

2.1. Composite materials production process

In this study, copper (45e75 mm) powder particleswere used as

the main matrix for composite production. Ti (50e70 mm), B

(<1.8 mm), and SiCp (45e75 mm) were chosen as reinforcement

particles. 0-2-4-6-8 wt.% reinforcing ratios were used to make

composite materials using the powder metallurgy method.

Tables 2 and 3 indicate some of the qualities and proportions

of the powder particles utilized in the studies. Powder parti-

cles mixed at different reinforcement ratios were compressed

in a mold under 600 MPa pressure. Then, the samples were

sintered at 1050
�
C for 60 min in the presence of protective

Argon gas. Test specimens with a diameter of 20 mm and a

length of 50 mm were produced successfully. SEM (Scanning

Electron Microscope) and EDS (Energy-dispersive X-ray
ed for CNC turning.

https://doi.org/10.1016/j.jmrt.2022.03.049
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Table 5 e A full factorial experimental design (51*22).

Experiment Number Reinforcement (wt.%) Feed rate (mm/rev) Depth of cut (mm) Cutting speed (m/min)

1 0 0.2 0.5 100

2 0 0.2 0.5 150

3 0 0.4 0.5 100

4 0 0.4 0.5 150

5 2 0.2 0.5 100

6 2 0.2 0.5 150

7 2 0.4 0.5 100

8 2 0.4 0.5 150

9 4 0.2 0.5 100

10 4 0.2 0.5 150

11 4 0.4 0.5 100

12 4 0.4 0.5 150

13 6 0.2 0.5 100

14 6 0.2 0.5 150

15 6 0.4 0.5 100

16 6 0.4 0.5 150

17 8 0.2 0.5 100

18 8 0.2 0.5 150

19 8 0.4 0.5 100

20 8 0.4 0.5 150

Fig. 2 e a) Thermal image, b) Temperature distribution graph.
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Table 6 e Parameters used in the surface roughness
device [27].

Parameter Range

Cutoff (mm) 0.25

n*cutoff 51

Standard ISO

Range (mm) ±80
Filter RC

Display Ra
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spectroscopy) analysis of the sintered samples were per-

formed on the JEOL JSM 6510 device.

2.2. Experimental procedure

Machinability experiments were carried out on a Goodway

GLS-200 CNC lathe in a dry environment without any cooling.

To keep the cutting process stable, the initial stage involved
Fig. 4 e The optical images of the compo

Fig. 3 e The exper
removing 0.5 mm chips from the composite surfaces. Test

specimens produced as cylindrical were turned longitudinally

and diameters from 20 mm were reduced to 16 mm (Fig. 1).

Each experimentwas repeated three times for the reliability of

the tests and the average results of the three repetitions are

reported in the results. CNMG 120408 GT cutting carbide tools

were used for machinability tests (Table 4.).

The cutting carbide inserts were mounted on the tool

holder code DCLNR2525M12. Cutting parameters were estab-

lished using the manufacturer's (Kyocera) instructions for

cutting carbide tools. Two cutting speeds (100 and 150m/min),

two feed rates (0.2 and 0.4 mm/rev), and a depth of cut

(0.5 mm) were selected as cutting parameters. The toolpath

with a total of four passes was created with the NX CAM

software. The cutting length was determined as 20 mm in the

turning process. In addition, a full factorial experimental

design (51*22) was applied so that the effects of all variables

could be seen clearly (Table 5). The parameters obtained after

turning were analyzed by the 3D graphic method.
sites produced: a) 0 wt.%, b) 6 wt.%.

imental setup.
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https://doi.org/10.1016/j.jmrt.2022.03.049


Fig. 5 e The SEM and EDS analysis images taken from different parts of composites.

Table 7 e Cutting times depending on cutting speed and
feed rate.

Cutting speed
(m/min)

Feed rate
(mm/rev)

Cutting
time (s)

100 0.2 14.1

100 0.4 7.0

150 0.2 9.4

150 0.4 4.6
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A cutting tool tip was used for each experiment. In the

machinability analysis of the test samples, surface roughness,

flank wear, and cutting temperature were investigated. Flank

wear and rake face measurements were performed on the

SEM device. The temperature measurements between the

cutting tool and the material during turning were obtained in

the final machining (fourth pass) process of each turning

process using the Testo 871 thermal imager from a distance of

200 mm. Fig. 2 shows the image taken with the thermal

camera and the temperature distribution graph.

The roughness of the surface after turning was measured

using a TIME3200 test instrument with a tracer tip. The

average surface roughness (Ra) method is frequently preferred

for determining surface roughness. In this method, the abso-

lute value of the deviations is calculated and the arithmetic

average is taken. The average surface roughness was calcu-

lated using Eq. (1).

Ra ¼
ZLm

0

jyj
Lm

dx (1)

here; Ra is defined as the arithmetic mean surface roughness,

Lm is the distance measured, and y is the deviation from the

nominal surface. The roughness measurements were

repeated 5 times for each sample from different locations. To

reduce the margin of error, the lowest and highest results

were not taken into account. The results were recorded by
averaging the remaining three results. Surface roughness

measurement standards are shown in Table 6. The machin-

ability test setup is shown in Fig. 3.
3. Results and discussion

In the literature, studies on themachinability of new composite

materials that have not been produced before draw attention.

The use of powder particles with different properties gives

important mechanical properties to the produced composites.

Turningmay be required to obtain the final shape of composite

materials according to the usage areas in the industry. Unex-

pected sudden changes can be seen during the turning process

in composite materials, which can reduce the machining qual-

ity. For this reason, the parameters affecting the machinability

https://doi.org/10.1016/j.jmrt.2022.03.049
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Fig. 6 e 3D plot of the effect of cutting speed and feed rate on surface roughness.
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performance (tool wear, cutting temperature, surface rough-

ness, chipmorphology) need to be analyzed in detail.

3.1. Microstructural analysis of fabricated composites

Microstructural analyzes (optical, SEM, and EDS) of Cu/Ti

eBeSiC metal matrix composites produced by P/M were per-

formed. Optical pictures are shown in Fig. 4. Grain boundaries

are seen in optical images. The reinforcement particles exhibit

a homogeneous distribution in the copper main matrix. No

clumping is seen from the optical images taken from the

surface. Rouhi et al. [44] reported that homogeneous distri-

bution affects mechanical properties in Al/SiCeMoS2 com-

posites. They emphasized that this homogeneous distribution

is an indication of the successful implementation of the sin-

tering process and is also the most important microstructural

feature. In this study, similar results were obtained regarding

homogeneous distribution. In this experimental study, the

mixture powders were first compressed with a press and then

sintered. Porosity is expected to be high in cold press appli-

cations [1]. The pores formed in the reinforcement can be
Fig. 7 e 3D plot of the effect of cutting speed
attributed to insufficient bonding at the particlesematrix

interface [45].

SEM/EDS analyzes of composite samples (8 wt.%) produced

at different reinforcement ratios were performed (Fig. 5). The

EDS analysis was performed from three different regions in

the SEM micrograph. According to the EDS result taken from

the first region, it was determined that the particle was silicon

carbide. The second region was determined to be a copper-

rich matrix. The third region was found to be a titanium par-

ticle. Thus, the presence of particles in the matrix was recor-

ded. In addition, since there is no oxide in the analysis given in

Fig. 5, oxides and compounds formed by oxides (BO4. CuO, and

Cu2O) were not found in the produced composites. This result

is attributed to the use of shielding argon gas during sintering.

Studies in the literature confirm this opinion [26].

3.2. Machinability investigations of fabricated
composites

The impacts of cutting speed, feed rate, and depth of cut on

the cutting tools of Cu/TieBeSiC composites produced at
and feed rate on cutting temperature.

https://doi.org/10.1016/j.jmrt.2022.03.049
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Fig. 8 e 3D plot of the effect of cutting speed and feed rate on flank wear.
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various ratios were investigated. Thus, the machinability

properties of a new composite were analyzed. In addition, the

processing time of the experiments is shown in Table 7.

3.2.1. Surface roughness analysis
Fig. 6 shows 3D surface graphs showing the effects of different

machining parameters and cutting temperature on surface
Fig. 9 e Rake face occurring on the cutting tool surface a) Unuse

experiment no. 15 is rake face, c) The cutting tool used in exper

used in experiment no. 11.
roughness. In general, it is known that the surface roughness

of conventional materials (steel, cast iron, Ti alloy, etc.) im-

proveswith increasing cutting speed and decreasing feed rate.

The results show that the surface roughness decreases with

the increasing reinforcement ratio. The roughness increased

slightly as the feed rate increased.With the increase in cutting

speed, the surface roughness decreased slightly. With the
d cutting tool rake face, b) The cutting tool used in

iment no. 11 is rake face, d) EDS analysis of the cutting tool

https://doi.org/10.1016/j.jmrt.2022.03.049
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increase in cutting speed, plastic deformation becomes easier

and a more comfortable chip flow is observed. Therefore, it

can be said that the surface roughness is inversely propor-

tional to the cutting speed. Torres et al. [46] examined the

surface roughness of AleCu alloys during dry turning. The

feed rate was found to be the most effective factor among all

the surface roughness characteristics as a result of the trials.

However, the reinforcement ratio was found to be the most

relevant element impacting surface roughness in this inves-

tigation. The B reinforcement ratio increases as the rein-

forcement ratio increases, which led to better chip removal by

the cutting tool as it acts as a lubricant between the tool and

the cut material [47]. As a result, it was discovered that the

surface roughness after turning operation decreased as the

particle reinforcement ratio to the Cu main matrix increased.

Ramkumar et al. [48] report that adding Al2O3 in certain pro-

portions into Cue10Zn, produced nano and micro-sized

composites by mechanical alloying and hot pressing. They

detected a decrease in the surface roughness values of the

nanocomposites.

3.2.2. Cutting temperature analysis
Fig. 7 shows the 3D surface graphs of the cutting tempera-

tures of the composites processed under different process-

ing conditions. When the graphs are examined, it is

noteworthy that the cutting temperatures increase as the

reinforcement ratios increase. Cutting temperatures vary

between 30 �C and 260 �C. The fact that the increase in the

reinforcement ratio increases the cutting temperature can

be explained by the increase in the friction coefficient of the

hard reinforcement particles in the composite. In addition,

it can be said that the feed rate does not affect the cutting
Fig. 10 e Flank face observations under fn ¼ 0.2e0.4 mm/r
temperature much and the increase in cutting speed causes

an increase in the cutting temperature. The friction coeffi-

cient increases as the cutting speed increases between two

opposing contact surfaces [49]. Gatto et al. [50] reported that

an increase in cutting speed would increase the cutting

temperature, further affecting surface roughness, tool wear

and tool life. Batista et al. [51] initially reported that friction

between tool and material will increase the temperature in

the contact area.

3.2.3. Tool wear types analysis
Fig. 8 shows 3D surface graphs to evaluate the effects of

various wear parameters on side wear. In the 3D surface

graphics, the effects of reinforcement rate, feed rate, and

cutting speed on tool flank wear can be identified. As the

reinforcement ratio increases, the tool side wear values in-

crease. Minimal side tool wear is observed during the

machining of pure copper. From this point of view, due to the

hardness of the reinforcement particles, as the reinforcement

ratio increases, the tool side wear also increases. The feed rate

appears to have less of an effect on tool flank wear (Fig. 8).

However, with the increase in the feed rate, a small amount of

tool side wear is observed. Minimum tool flank wear can be

achieved by choosing a lower feed rate. The effects of cutting

speed and reinforcement ratio on tool flank wear are visible

(Fig. 8). It was observed that the tool flankwear increased with

the increase in cutting speed. Ajithkumar et al. [52] reported

that the flank wear increased with the increase in cutting

speed.

In general, when looking at the 3D surface graphics, it is

seen that increasing cutting speed and feed rate increase tool

flank wear. High temperatures during machining also affect
ev and Vc ¼ 100e150 m/min experimental conditions.

https://doi.org/10.1016/j.jmrt.2022.03.049
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tool flankwear. Senthilkumar and Tamizharasan [53] reported

that tool flank wear will likewise increase with increasing

temperature in the cutting zone. Fig. 9 shows the rake face

photos observed under different processing conditions. The

wear types of composite materials produced at different rates

were also quite different under different processing condi-

tions. Themost noticeable wear types observed on the cutting

tools were adhesion and crater wear. Fig. 9a shows the unused

cutting tool rake face. Fig. 9b (8 wt.%) shows the crater wear on

the cutting tool. In addition, BUE (built-up edge) which are

different types of damage was found on the cutting tools
Fig. 11 e Chip morphology of fn ¼ 0.2 feed rat
(Fig. 9c). BUE of the detected region (4 wt.%) was confirmed by

EDS analysis (Fig. 9d). BUE is one of the most common wear

types in dry-cutting conditions. Sarıkaya and Güllü [54] re-

ported that BUE formation decreased with increasing the

cutting speed. The high temperatures generated during

machining are thought to cause crater wear. Fig. 10 shows

SEM images of flank wear at different feed rates. According to

the result obtained from the graph given in Fig. 8, it was seen

that the effect of the feed rate on flank wear was less effective

than the reinforcement rate which can be also seen in the SEM

images.
e experiment during the turning process.
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3.2.4. Chip formation analysis
Fig.11 and Fig. 12 show the chip types formed at different feed

rates and cutting speeds. It is seen in Fig. 11 that the chip types

formed gradually become smaller and powdery with the in-

crease in the reinforcement ratio. In Fig. 12, it was determined

that the chips formed by the increase in feed rate and rein-

forcement rate became smaller. From this, it can be said that

reinforcement and feed rate affects the chip morphology. In a

study, it was reported that with the effect of different rein-

forcement particles, the ductility of the matrix material

decreased and discontinuous chips were formed [52]. It is
Fig. 12 e Chip morphology of fn ¼ 0.4 feed rat
known that cutting speed and feed rate have a significant ef-

fect on the type of formed chips. In industrial machinability

processes, the chip shape after processing must be thin and

short. In this way, it is easier to remove the high temperatures

between the cutting tool and the workpiece, and it also con-

tributes to the improvement of the roughness of the work-

piece surface. It was observed that the chip morphologies

formed in this study were generally in the desired form.

Tamizharasan et al. [55] produced Ale4Cu-7.5SiC composites

by powder metallurgy method. They performed turning tests

using TNMG 120404 carbide inserts. Their results showed that
e experiment during the turning process.
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the cutting speed affects the chip morphology by 64.13% and

the depth of cut by 35.26%. Bai et al. [56] investigated the

machinability properties of Al/SiCp MMC in dry ultrasonic

assisted turning (UAT) and conventional turning. As a result,

they reported that continuous and semi-continuous chips

were obtained with better surface topography in UAT.
4. Conclusions

The processing of metal matrix composites can be a challenge

due to the uncertainties arising from material production.

Therefore, the effects of predetermined machinability pa-

rameters (Cutting speed and feed rate) on the cutting tem-

perature, tool wear and, chip morphology are very important.

In this study, the machinability characteristics of Cu/TieBe-

SiC composites produced in different ratios were examined

through turning process tests. The following can be concluded

from the experimental results:

� A homogeneous distribution was observed in the SEM-EDS

analysis of copper matrix composites produced by powder

metallurgy method. At the same time, dust particles in the

matrix structurewere successfully detected by EDS analysis.

� When evaluated in terms of feed rate and cutting speed, it

was determined that the surface roughness values

decreased with the increase in reinforcement rates. It was

seen that the feed rate and cutting speed did not have

much effect on the surface roughness. The best surface

roughness (Ra: 0.22 mm) was observed in the 8 wt.% rein-

forced sample.

� It was determined that there was an increase in cutting

temperature with the increase of reinforcement ratios.

Hard reinforcement particles increase the friction coeffi-

cient and increase the cutting temperature. The lowest

cutting temperature between 2-4-6-8 wt.% (76 �C) was

observed in the 2 wt. % reinforced sample.

� Flank wear on the cutting tools increasedwith the increase

in cutting speed and reinforcement ratio. It was deter-

mined that the feed rate affected the tool flank wear less.

The lowest flank wear between 2-4-6-8 wt.% (0.93mm)was

observed in the 2 wt.% reinforced sample.

� Flank wear and crater wear were themost significant types

of tool wear observed after the turning process. In addition,

BUE formation, which was detected on the cutting tool at

high cutting temperatures and caused a change in the

cutting tool geometry, was detected by SEM-EDS.

� The reinforcement and feed rate affect the chip

morphology such that the chip types gradually become

smaller and powdery with the increase in the reinforce-

ment ratio. It was also determined that the chips formed

with the increase in the feed rate and reinforcement rate

became smaller. It was determined that the chip mor-

phologies obtained in general were in the desired form.
5. Future work

Alternative machining methods (milling, drilling, grinding,

etc.) can be applied with different machining methods by
using different molds for the produced Cu metal matrix

composites. In addition, the machinability effects of different

cooling/lubrication techniques on composite materials can be

investigated for both turning and other machining methods.

Potential future work includes but is not limited to the

following:

� The effects of different sintering temperatures on

machinability can be investigated.

� More detailed machinability tests can be carried out by

determining the composite material with optimum

machinability.

� The energy consumption consumed during the application

of machining methods can be determined and studies can

be carried out for renewable production.

� Prediction models of the effects of different reinforcement

ratios and different cutting parameters on machinability

can be created using artificial intelligence methods. In

addition, with artificial intelligence optimization algo-

rithms, very important contributions can be made to the

literature in this field.

� The weldability of these composite materials can also be

studied.
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[12] Usca ÜA, et al. Estimation, optimization and analysis based
investigation of the energy consumption in machinability of
ceramic-based metal matrix composite materials. J Mater
Res Technol 2022;17:2987e98.

[13] Sap E, Uzun M. A study of the microstructure and properties
of copper composites reinforced with Co-Ti. Met Sci Heat
Treat 2022;63(9e10):558e63.
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[24] Usca ÜA, Uzun M, Kunto�glu M, S‚ ap S, Giasin K, Pimenov DY.
Tribological Aspects, Optimization and Analysis of Cu-B-CrC
Composites Fabricated by Powder Metallurgy. Materials
2021;14(15):4217.
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