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Abstract 
 

In this study, the effect of carbon nanotube (CNT) on the machining of CNT-reinforced ZA-27 (zinc-aluminum 

alloy) nano composite was investigated. For this purpose, 0.5%, 1.0%, 1.5%, 3.0% CNT-reinforced ZA-27 based 

composites were produced by powder metallurgy method. Firstly, microscope images of the composites were 

taken, and hardness and density measurements were made. Then machining tests were carried out. Machinability 

tests were carried out by turning method to determine the cutting forces and surface roughness values. The tests 

were carried out with cemented carbide cutting tools under dry cutting conditions. Cutting speeds of 75, 125, 

175, 225 m/min, feed values of 0.05, 0.10, 0.20 mm/rev and constant cutting depth of 1.0 mm were chosen as 

test parameters. The data obtained as a result of the tests were interpreted together with microstructure, porosity 

and hardness values. Hardness values decreased and the pore amounts increased with the increase in the CNT-

reinforcement ratio within the composite structure.Cutting forces and the surface roughness amounts increased 

with the increase in feed value. Cutting forces and surface roughness values decreased together with increase in 

cutting speed. CNT-reinforcement material in the composite structure caused a decrease in cutting forces. 

However, surface roughness values showed an increase with the increase of CNT-reinforcement ratio. It has 

been determined that CNT-reinforcement material facilitates machining by lubricating effect in dry machining 

conditions. Built-up edge (BUE) was observed on all cutting tool bits used in machining tests. BUE amounts 

increased in itself with the increase in CNT ratios and feed rates. 
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1.Introduction 
 

The use of composite materials has been increasing rapidly in many industries. One type of these composite 

materials are metal matrix composite (MMCs) materials. Most of the researches about MMCs are on light metal 

alloys such as aluminum and magnesium. However, in recent years, studies on metallic composites using zinc 

and zinc alloys have started. Zinc-based alloys are very useful as a matrix material due to their low melting 

temperatures and being cheap. Zinc-aluminum alloys are preferred matrix materials due to their high 

strength/density ratio and superior tribological properties. ZA-27 alloy is very popular among zinc-based alloys 

used as matrix material 1. Due to its suitability for mass production, high corrosion resistance, low melting 

temperature and superior workability, ZA-27 zinc-aluminum alloy is widely used in fields such as automotive 

and construction industry, sports equipment, toys, hardware, decoration, and white goods. Another name for the 

ZA-27 alloy is ZAMAK. Different reinforcement materials are added to the ZA-27 alloy and efforts are made to 

improve its mechanical and tribological properties. In the development of the properties of composite materials, 

the reinforcing element is as effective as the main material. The reinforcing element carries a large part of the 

load on the composite. In the production of such MMCs materials, micron size ceramic based reinforcement 

materials such as B4C, SiC, SiO2, Al2O3, MgO, TiB2 and TiC are mostly used.  However, in recent years, carbon 

nanotube and nano graphene added composite materials have become more popular due to their superior 

physical and mechanical properties such as high modulus of elasticity, high strength and abrasion resistance. 

Nano material reinforced composites have superior properties compared to micron sized particle reinforced 

composites. 

 

Carbon nanotubes (CNT) started to be investigated intensively after their discovery in the early 1990s, after their 

extraordinary properties were noticed. In many practical and theoretical studies, carbon nanotubes have become 

a "model system" for nanotechnology. CNTs are perhaps the most important of all other 1D nano materials. 

CNT, in the simplest sense, is nm (nanometer) diameter, μm (micron) tall tubular structures. In other words, 
CNTs are in the form of a hollow cylinder, made of single or more graphene (a single layer of graphite) sheet, 

when viewed structurally (Fig. 1). The diameter of the cylinder in question can range from 0.4 nm to 100 nm or 

higher. However, he proposed classifying tubular structures with diameters above 15 nm as "carbon nanofibers". 

Depending on the production method and conditions, the lengths of CNTs can range from hundreds of μm to cm 



2. Research in the field of carbon revolutionized 1991 with the discovery of carbon nanotubes by Iijima. 

Experiments and simulations have shown that CNTs have outstanding mechanical properties compared to carbon 

fibers. CNT can reach hardness of 1000 GPa, resistance of 100 GPa and thermal conductivity up to 6000 W m-1 

K-1. These studies show that CNTs are the strongest fibers with extraordinary properties known to mankind 3. 
Carbon nanotubes are produced in two ways, single-walled and multi-walled. In Fig. 1, a schematic view of the 

formation of graphene nano plate and carbon nano tubes is given. 

 

 
Fig. 1 Graphene and carbon nanotubes as (A) single wall carbon nanotube (SWCNT) and (B) multi-wall carbon 

nanotube (MWCNT) structures 4  
 

Today, the usage area of nano material reinforced composites, which provides more economical, lighter and 

improved mechanical properties, is rapidly increasing. With this increase, the machining of nano-reinforced 

composites according to the usage area also comes to the agenda. Their behaviors against machining 

(manufacturing) gained importance in evaluating the commercial usability of the composite materials produced. 

The performance of the cutting tools used in the machining of these materials directly affects both the quality of 

the processed material and the production costs. The cutting forces generated in the cutting tool during 

machining are the most important parameters in terms of determining the economics and power needs of the 

process. Interactions between cutting forces and cutting tool are of great importance in terms of cutting tool wear 

or breakage. Measuring cutting forces is essential for optimizing tool design as well as for scientific analysis 5. 
Measuring the forces affecting the cutting tool with sufficient precision is done with a dynamometer. Cutting 

forces can be measured by using the dynamometers on the principle of measuring the elastic deformation of the 

cutting tool under load. Fig. 2 shows the cutting force components that occur during the turning process. 

 

 
Fig. 2 Cutting force components in turning 6  

 

Where, Fc is the actual cutting force and acts perpendicular to the cutting tool tip on the tool-chip surface. Fc is 

usually the largest of the three force components. Ff  is the feed force and acts on the cutting tool parallel to the 

workpiece axis. Fr is radial (passive) force and tries to move the cutting tool away from the workpiece. Fr acts 

on the cutting tool axis and is usually the smallest force component. The resultant force F is the sum of these 

three force components in vector and is calculated with the help of Eq. 1. 

 𝐹 = √𝐹𝑐2 + 𝐹𝑓2 + 𝐹𝑟2                                                                   (1) 

 



Of these three force components, Fc main cutting force is the most important. The Fc main cutting force 

determines the size of the torque that must be transmitted by the machine tool's main shaft and the power 

consumption during the cutting process 7. According to the literature, the main cutting force value is the 

product of the specific cutting resistance of the material processed with the chip cross section (Eq. 2). 

 

                                          Fc = A . ks                                                                                  (2) 

 

Where A (mm2) is the area of the chip cross section, ks (N/mm2) is the specific cutting resistance of the material. 

According to experimental studies, there are other parameters that affect the main cutting force. These factors are 

chip angle factor kγ, cutting speed factor kv, tool wear factor ka and tool material factor kt. In this case, the main 

cutting force is calculated according to Eq. 3. 

 

   Fc= A . ks . kv . kγ . ka . kt                                                             (3) 

 

The required machine power can be calculated by multiplying the Fc main cutting force and cutting speed (Eq. 

4). 

 

        P = V.Fc                                                                                   (4) 

 

Where V (m/min) is the cutting speed, P (Nm/min or Watt) is the machine power. Powder metallurgy method is 

generally preferred in the production of parts that do not require machining after production. However, in some 

cases, metal removal processes are carried out on the parts produced by powder metallurgy. Therefore, studies 

on the machining of parts produced by powder metallurgy are not included in the literature. In this experimental 

study, the cutting forces formed in turning of CNT-reinforced ZA-27 matrix composites produced by powder 

metallurgy method were measured. At the same time, the roughness of the machined surfaces was measured and 

recorded. Data obtained at the end of measurements and tets were evaluated together. 

 

2  Materials and methods 
 

In this experimental study, powder ZA-27 zinc-aluminum alloy with 37-63 µm grain size was used as matrix 

material and carbon nanotube (CNT) was used as a reinforcing element. Technical properties of the test materials 

are given in Table 1. 

 

Table 1 Technical properties of CNT and ZA-27                                                                                                                                        
CNT ZA-27 

Parameters                            Values Parameters                            Values 

Purity (%) 

Outer diameter (nm) 

Inner diameter (nm) 

Length (µm) 

Color 

   Electrical conductivity (S/m) 

   Heat conductivity (W/mK) 

Spesific Suurface Area  (m2/g) 

Density (g/cm3) 

92 

8-10 

5-8 

1-3 

Black 

9800 

3.0×103 

240 

2.6 

Al  %   

Mg  % 

Cu  % 

Fe  % 

  Zn  % 

Density (g/cm3)  

   Melting point  (C) 

   Hardness (Brinell) 

   Tensile strength( Mpa)  

   Thermal conductivity (W/mK) 

 Electrical conductivity (S/m) 

25.5-28.0  

0.01-0.02  

2.0-2.5 

0.075  

Remaining 

5.0  

376-484 

105-125 

421 

123 

1,72 

 

In the production of nano-reinforced composite materials, 0.5%, 1.0%, 1.5% and 3.0% weight ratio of CNT-

reinforcement was determined. A homogeneous mixture was obtained by mixing ZA-27 and CNT nano materials 

at the calculated weight ratios in the ball mill for 120 min at 300 rpm. During the mixing process, 5 mm diameter 

ZrO2 based balls were used. The material / ball weight ratio in the mixing was chosen as 5/1. In order to increase 

the slippage and reduce friction so that the composite samples can eanay get out of the mold after the 

compression process, 0.5% lubricant has been added to the composite powder mixture. After mixing, 

ZA27+CNT composite mixtures were compressed into the press under 500 MPa pressure in a 30 mm diameter 

mold. Before the compressing process, the composite mixtures and mold were preheated at 300 degrees. In the 

hardness measurements, 15.625 kg load was applied and a measuring ball of 2.5 mm diameter was used. 

Composite samples whose compression process has been completed were subjected to sintering at a temperature 

of 450°C for 120 min in a heat treatment furnace. After the sintering process, the production process of nano 

composite materials has been completed. Then, in order to examine the microstructures of composite materials, 

images were taken with scanning electron microscopy (SEM). The porosity and hardness value of the composite 

https://tureng.com/tr/turkce-ingilizce/electrical%20conductivity


structure are important parameters affecting the machinability. For this purpose, the density values of the 

composite samples were determined according to the Archimedes principle. According to the density values 

obtained, the porosity amounts of the composites were calculated in%. Then the hardness measurements of 

composite materials were made according to the Brinell method. In the hardness measurements, 15.625 kg load 

was applied and a measuring ball of 2.5 mm diameter was used. After the density and hardness measurements, 

machinability tests were started. The composite samples produced were fixed to the CNC lathe using an 

apparatus. Machining tests were carried out using SNMG 12 04 08 LT10 coded cutting tools shown in Fig. 3. 

The machining test parameters were selected within the value ranges recommended by the cutting tool 

manufacturer. As test parameters, cutting speeds of 75, 125, 175 and 225 m/min, 0.05 - 0.10 - 0.20 mm/rev feed 

and 1.0 mm constant cutting depth were chosen. 

 

 
Fig. 3 Cutting tool and tool holder used in machining tests 

 

Cutting forces were recorded with a dynamometer during machining tests. At the same time, the roughness value 

of each machined surface was measured. In roughness measurements, arithmetic means of the values measured 

from five different regions of the surface are taken into account. The machining tests setup is shown 

schematically in Fig. 4. 

 

 

 
Fig. 4 Machining test setup 

 

 

3  Findings and Discussion 
 

3.1  Evaluation of microstructures 
 

Topographic SEM images of 0.5%, 1.0%, 1.5% and 3.0% CNT-reinforced ZA-27 matrix nano composite 

samples produced by powder metallurgy method are given in Fig. 5. 

 



   
 

    
Fig. 5 Microstructures of 0.5% CNT (a), 1.0% CNT (b), 1.5% CNT (c), 3.0% CNT (d) reinforced ZA-27 matrix 

nano composites 

 

Looking at the SEM images in Fig. 5, it is remarkable that the microstructure undergoes a sudden change with 

the CNT-reinforcement ratio exceeding 1.0%. Although the same surface preparation process is applied to all 

composite samples, the extremely irregular and rough structure on the surfaces of 1.5% and 3.0% CNT doped 

composites is noteworthy. It is understood that the binding between ZA-27 particles weakened and deteriorated 

with the amount of CNT exceeding 1.0%. A tendency to aggregate emerged among the ZA-27 particles that 

could not be interconnected by sintering. It is understood that the porous areas in the composite structure 

increased at a very high rate with the CNT-reinforcement ratio exceeding 1.0%. CNT nano materials are 

considered to be intensely located between the particles of ZA-27 matrix material in places. As a result, it is 

understood that ZA-27 particles cannot be sintered at the desired level and the formation of neck and ligament 

between the grains is weak. The very high specific surface area values (CNT = 240 m2/g) and the surface energy 

of the CNT-reinforcing material are considered to be effective during sintering and may reduce heat transfer by 

forming an interface between ZA-27 particles. In order to see the nano materials in the composite structure more 

detailed, SEM images taken from the composite sample with a 3.0% reinforcement ratio at 20,000 × 

magnification are given in Fig. 6. 

 

    
Fig. 6 CNT-reinforcing elements in composite structure 

 

When the SEM images in Fig. 6 are examined, CNT nano materials can be selected eanay in the composite 

structures. Especially when the SEM image in Fig. 6 (a) is carefully examined, it appears that the CNT-

reinforcement material completely encloses the ZA-27 particle. In the SEM image of Fig. 6 b, it is understood 

that the CNT nano materials are agglomerated and placed between the ZA-27 matrix material particles. It also 

appears that ZA-27 particles cannot form bonds during sintering. As said earlier, CNT particles on ZA-27 

particles that cover part of the particle surface are considered to cause weakening of heat conduction. In this 

case, it can be stated that the effect of sintering temperature decreases between ZA-27 grains, and inter-grain 

bonding is negatively affected. 

 

 



3.2  Evaluation of hardness and porosity quantity 
 

The graphs of ZA-27 matrix and CNT-reinforced nano composite samples, which are determined by the 

hardness and Archimedes principle determined according to the Brinell method, are given in Fig. 7. 

 

       
Fig. 7 Hardness and porosity amounts of Nano CNT-reinforced ZA-27 composites. 

 

Looking at the graphs in Fig. 7, it appears that the porosity rates are increasing due to the increase in the nano 

CNT-reinforcement  rate. Similar results were reported in different studies 8-11. The fact that the CNT-

reinforcing element is nano-sized made it difficult to homogeneously distribute the reinforcement into the ZA-27 

matrix during mixing. This situation has become more difficult with increasing CNT-reinforcement  rates and it 

has been evaluated to increase the porosity amounts in the composite structure. Similar results were included in 

the literature 10,12. Close porosity amounts occurred at 0.5% and 1.0% CNT-reinforcement  rates. However, 

with the CNT supplement rate rising to 1.5%, a sudden increase in porosity ratio occurred. While 1.0% CNT-

reinforced composite has 1.41% pore ratio, this ratio increased to 2.79% in 1.5% CNT-reinforced composite. 

The binding between ZA-27 particles was negatively affected by the increase in CNT rate to 1.5%. CNT 

nanoparticles located between the ZA-27 matrix particles reduced the effect of sintering and led to the formation 

of pores between the ZA-27 particles. Looking at the SEM images in Fig. 7, it appears that the CNT-reinforcing 

elements are aggregated around the ZA-27 particles. As a result, it is considered that the porosity rates of 1.5% 

and 3.0% CNT-reinforced composites increase. In addition, when looking at the microstructure images in Fig. 5 

(c) and (d), the relationship between reinforcemenet ratio and porosity can be clearly observed. 

When the hardness graph in Fig. 7 is analyzed, it is seen that the hardness values decreased significantly with the 

increase of the CNT-reinforcement ratio. There are studies in the literature that show similar results 12-13. It is 
known that pure pure 100% ZA-27 alloy has theoretical hardness values between 53-56 HB. However, the 

lowest hardness value measured in composite samples was measured with 32.8 HB and 3.0% CNT doped 

sample. The highest hardness value was measured in 51.5 HB and 0.5% CNT-reinforced sample. The CNT nano 

material additive reduced the hardness of the composite structure at a very high rate. In particular, CNT 

supplements at rates higher than 1.0% (1.5% to 3.0%) appear to have a much greater effect on hardness values. It 

is understood that there is a direct relationship between the hardness values and porosity rates of nano composite 

materials. The highest hardness value was obtained in 0.5%  

 

CNT-reinforced sample with the lowest porosity rate. With the increase of porosity in the composite structure, 

there was a serious decrease in hardness values. Thus, with the CNT-reinforcement ratio rising to 3.0%, 

compared to the non-reinforced ZA-27 material, the hardness value decreased almost by half. As can be seen 

from the microstructure images in Fig. 5, the bond formation of ZA-27 particles during sintering has been 

significantly reduced with the contribution of nano material 1.5% and above. It is evaluated that all of the 

temperature occurring during sintering does not affect the matrix material and some of it is absorbed by CNT-

reinforcing elements. It is believed that the fact that CNT nano materials have a very high specific surface area 

causes this situation. Thus, the pores formed between the ZA-27 particles that cannot be bonded together 

decreased the hardness value of the composite structure while increasing the porosity ratio. 

 

3.3  Evaluation of cutting forces 
 
In Fig. 8, graphs drawn according to the cutting force values obtained from the machining experiments of 0%, 

0.5%, 1.0%, 1.5% and 3.0% CNT-reinforced ZA-27 composite samples are given collectively. The graphs show 

the changes in the actual cutting force Fc, feed force Ff, and radial force Fr, depending on the feed rates and 

cutting speeds. 



 

 

 

 

 
Fig. 8 Cutting forces measured in CNT/ZA-27 composites depending on feed and cutting speed. 



When looking at the graphs in Fig. 8 in bulk, it can be seen that cutting forces decrease with increasing speed. 

However, the increase in the amount of progress increased the cutting forces. It is possible to explain this 

situation depending on the increasing temperature in the cutting area with the increase in cutting speed. With the 

increase of temperature, with the effect of plastic deformation and thermal softening, friction in the tool-chip 

interface is reduced and chip flow is easier 14. As a result, cutting forces tended to decrease. The lowest main 

cutting force was measured as 65 N in a 3% CNT-reinforced composite, at 0.05 mm/rev feed rate, at a cutting 

speed of 225 m/min. The highest main cutting force was measured as 278 N in pure ZA-27 material without 

CNT, at 0.2 mm/rev feed rate, at a cutting speed of 75 m/min. Along with the increase in the amount of feed rate, 

the increasing tendency in the cutting forces is an expected situation due to the increase in the chip section. It is 

calculated from the “Chip section: Feed×Cutting depth” equation. According to this equation, cutting forces 
increase in direct proportion with the increase in the chip cross section area 15. Looking at the graphs, it is 

clear that the most important parameter affecting the cutting force values are the changes in the feed ratevalue. 

Changes in cutting speed had less effect on cutting forces than changes in feed rates. When the graphs are 

analyzed, it is observed that there are some feed rate values and irregularities in the cutting forces of the cutting 

speeds. These irregularities in the cutting forces can be associated with CNT-reinforcing particles that are not 

evenly distributed in the composite structure. During the machining tests, the cutting tool can meet the regions 

where the tip of aggregated CNT particles or porous areas in the composite structure. In this case, there are 

instabilities in the forces acting on the cutting tool and sudden deviations occur in the measured cutting force 

values. Another reason for the irregularities in the cutting forces can be explained by the very low CNT-

reinforcement ratios and the cutting tool is generally in contact with the ZA-27 matrix. Due to its high ductility, 

ZA-27 zinc-aluminum alloy can form high built-up edge (BUE) at the cutting tool tip at low and medium cutting 

speeds. The formed BUE affects the cutting forces by increasing the friction or by suddenly breaking away from 

the tool tip. In a study in the literature, it is stated that BUE, which is formed in low reinforcement composites, is 

the main reason for the increase in cutting forces 14. In such cases, a sharp cutting edge form, positively larger 

chip angle is recommended to avoid BUE and a ground tool surface is recommended to prevent sticking 15,16. 
SEM images in Fig. 9 are given to examine the occurrence of BUE occurring in cutting tools in machining tests. 

For example, cutting tools used in the machining of 0% and 3.0% CNT-reinforced nano composites were 

selected.  
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Fig. 9 Cutting tools used in 0% and 3% CNT-reinforced composites machined at a cutting speed of 75 m/min, 

225 m/min and feed rate of 0.05 mm/rev, 0.1 mm/rev, 0.2 mm/rev 



Looking at the SEM images in Fig. 9, it can be said that BUE occurs in all cutting tools. As stated earlier, some 

BUE is expected to occur in the machining of ZA-27 zinc-aluminum alloy, which is ductile. In addition, as in 

this study, BUE formation is seen more in machining experiments at low and medium cutting speeds. Another 

remarkable point in SEM images is that CNT-reinforcement material contributed to BUE formation. It is 

understood that the CNT-reinforcing material, which consists of graphite atoms, also exhibits some adhesion 

property at the same time as its lubricity. Therefore, in this experimental study, slightly more BUE than normal 

on tool surfaces has occurred.When the images in Fig. 9 are examined, it is understood that the amount of BUE 

increased with the increasing speed. In Figure 9, the approximate heights of the BUE occurring at the tool tip are 

given. According to the change in feed rates, the increase of BUE was more effective in tools where 3% CNT-

reinforced materials were machined, compared to tools where 0% CNT-reinforced pure ZA-27 material was 

machined. Increasing chip cross section with increasing feed rate naturally increases the amount of BUE. This is 

an expected situation and there are similar results in the literature 17-21. The other point is that the amount of 

BUE formed at the tool tip has decreased slightly with increasing cutting speed. With the increase of cutting 

speed, it has become easier for the chip to move away from the tool tip. It can be said that chip adhesion to the 

tool surfaces is less with the increase in cutting speed. It can be stated that due to the effect of increasing 

temperature at high cutting speeds, it is easier for the chips to flow away from the tool surface. Looking at the 

images in Figure 9, it can be seen that the BUE heights in the machining tools at a cutting speed of 225 m/min 

are slightly less than the machining at the cutting speed of 75 m/min. 

 

Graphics in Fig. 8 continue to be examined, it is understood that the cutting forces decrease gradually with the 

increase of the CNT ratio in the composite structure. Although this downward trend was not very high, each feed 

and cutting speed continued to decrease steadily. Carbon nanotubes are the tubular form of nano-graphene plates. 

Graphene is a material with lubricant properties. Likewise, made of graphene plates, CNT has excellent lubricant 

properties 22. Due to its CNT lubricant feature, it is evaluated that the tool tip facilitates the movement of the 

composite sample surface and helps with the chip removal process. In a study in literature, it is emphasized that 

reinforcing materials with lubrication properties such as graphite improve surface quality and machinability due 

to reduced friction 23. Also, it is understood from the graphic in Fig. 2 that the hardness decreases with the 

increase of CNT rate. Hardness is one of the parameters directly affecting the cutting forces. Therefore, the 

decrease in cutting forces with the increasing CNT-reinforcement ratio has emerged as a natural result. Another 

issue is the effect of the porosity ratio of the composite structure on the cutting forces. With the increasing pore, 

some porous zones have formed in the composite structure. These porous zones caused a reduction in cutting 

forces and even irregularity. In the machining tests, when the cutting tool coincides with the porous regions, the 

forces acting on the tool tip decreased and reduced the cutting forces. Therefore, the increase of the CNT-

reinforcement ratio increased the pore ratio and caused the cutting forces to decrease. As a result, the lowest 

cutting forces were obtained from 3.0% CNT-reinforced composites 

 

If the cutting forces are evaluated among themselves, it is seen that the main cutting force Fc is the highest 

cutting force. The second is the feed force Ff and the third is the radial cutting force Fr. This sequence occurred 

in the same way in general for all machining experiments. Changes in the Ff and Fr cutting forces varied in 

proportion to the main cutting force Fc. When looking at the graphs in Fig. 8, it is seen that the changes in Ff and 

Fr are proportional to Fc. Cutting forces that occur during machining can vary depending on the type of 

machining, material type, cutting tool properties or machining parameters. However, there is an accepted 

approach in the literature on this subject. Where, in the approach, the Ff feed force and Fr radial force Fc are 

associated with the main cutting force. In general, Ff = (0.20.3) × Fc and Fr = (0.10.2) × Fc are considered as 

approximate values 16. However, these approaches do not give an accurate result, they only help to estimate 

the cutting forces. In some publications, it is mentioned that the Ff  feed force can be at higher values and the Ff 

feed force can reach up to 55% of the main cutting force 15, 24. It is also stated in some studies that Fr radial 

force can rise up to half of the Fc main cutting force 25. In addition, it is known that especially Fr radial force 

is highly affected by tool geometry, approach angle of tool, machining form and BUE formation. In some 

applications, it has been noted that Fr radial force rises up to the main cutting force values. In some cases, it has 

been stated that the nose radius of the tool increases and increases the radial force due to the BUE formed during 

the machining of ductile materials. In this case, the radial force Fr can be greater than the feed force Ff  24. In 

a study in the literature, similar results were obtained with MMCs samples with SiC reinforced Al-Si matrix 

produced by powder metallurgy. While Fr is foreseen to be half of Ff, it is stated that Fr is bigger than Ff  25. 
 

Another factor affecting the cutting forces is the cutting tool nose radius. The relationship between cutting depth 

and tool nose radius applied in the experiments has more effect on the feed force Ff and radial force Fr. In 

machining where the cutting depth is close to the tool nose radius, uncertainties can occur in the cutting forces. 

In such cases, Ff and Fr forces can be equal or very close to each other. This situation is shown schematically in 

Fig. 10. 



 

 
Fig. 10 Representation of the direction of the forces received by the tool when machining below and above the 

nose radius.  

 

Fig. 10 shows the relationship between the depth of cut and the tool nose radius of the cutting tool in the 

occurrence of feed force Ff and radial force Fr. If the cutting depth is larger than the tool nose radius, the feed 

force Fr may be greater than the radial force Fr. Where the depth of cut is smaller than the nose radius, the radial 

force Fr will be greater than the feed force Ff. This situation may vary slightly depending on the angle of 

approach of the cutting tool. After the cutting depth exceeds the tool nose nose radius (ar), the thrust force Ff 

will retain the increase due to the increased chip removed. However, depending on the side cutting angle, some 

changes can be expected in the radial force Fr. The reason for these changes may be that the cutting tool is 

forced in the opposite direction during machining. 

 

In this experimental study, Fr values were generally smaller than Ff. However, at some points, Ff appeared at 

very close values, and at a few points, it was greater than Ff. Looking at the graphs in Fig. 8, especially in 1.5% 

and 3.0% CNT-reinforced composites, it is seen that radial force Fr is very close to feed force Ff or even more.  

BUE formed at the tool tip can cause Fr values to be higher than expected. It is often observed that the highly 

ductile structure of  light metals such as ZA-27 forms BUE at the end of the cutting tool during machining. The 

resulting BUE is considered to increase the radial force Fr by increasing the tool nose radius. When the images 

in Fig. 9 are examined, it is seen that BUE accumulated on the tool tip enlarges the nose radius of the tool. In 

addition, porous regions in the composite structure are thought to affect the cutting forces to a small extent. It is 

evaluated that the cutting tool tip cannot cut uniformly in porous areas and irregularities occur in the forces 

acting on the tool. Sudden force changes can be measured in porous or softer areas formed by the porous 

structure of the composite. It can be stated that this situation is more effective on feed force Ff and radial force 

Fr. At the same time, it was evaluated that the cutting tool could not perform uniform cutting in regions where 

there is CNT agglomeration in the composite structure. In regions where CNT agglomerating is intense, 

irregularities may occur in the forces acting on the cutting tool tip. In a study in the literature, it was stated that 

CNT aggregation affects not only mechanical properties but also machining properties 26. 
 

The main factor that determines the power consumption during machining is the main cutting force. In addition, 

during machining, the feed rate value is known to be the most important parameter affecting the cutting forces 

and is in the literature 7. For this purpose, the effect of feed rates on main cutting forces Fc according to CNT-

reinforcement ratios is also discussed. In the graphics in Fig. 11, main cutting forces Fc are given in the 

machining of 0%, 0.5%, 1.0%, 1.5% and 3.0% CNT-reinforced ZA-27 composite samples according to the feed 

rates. 

 

 

 

 

 

 



        
 

 
Fig. 11 Fc main cutting forces according to feed rates in 0%, 0.5%, 1.0%, 1.5% and 3.0% CNT-reinforced ZA-

27 composites 

 

Chip cross section (A) relates to feed amount and depth of cut and can be calculated according to Eq. 6. 

 

                                           A = f×a                                                                                        (6) 

 

Where (f) the feed rate is (a) the depth of cut. Cutting forces also increase with increasing chip cross section 

(Eq.2). Therefore, increasing feed rates increase cutting forces. Looking at the graphs in Fig. 11, Fc main cutting 

forces also increased due to the increase in feed rate in all CNT-reinforcement ratios. The highest main cutting 

force was measured as 278 N in composite sample with 0% CNT-reinforced (pure ZA-27), cutting speed of 75 

m/min and feed rate of 0.20 mm/rev. The lowest main cutting force was recorded as 65 N at cutting speed of 225 

m/min and feed rate of 0.05 mm/rev in 3.0% CNT-reinforced composite sample. Due to the increase of the CNT-

reinforcement ratio, cutting forces decreased in all feed rates. The lubricating feature of the CNT-reinforcing 

material in the composite structure and the increase of porosity in the structure affected this situation. In 

addition, the increase in the CNT-reinforcement  ratio and the decrease in the hardness and density of the 

composite structure were evaluated as additional factors. In a study in the literature, it is stated that with 

increasing graphite content, cutting flow stress decreases and reduces machining forces 27. 
 

Another issue is the relationship between the rate of increase in feed rate and the rate of increase of main cutting 

force. The feed rate has increased by 100% each time. However, the main cutting force Fc did not change at the 

same ratio. For example, in the composite sample with 0% CNT-reinforcement, the Fc force at a cutting speed of 

75 m/min and a feed rate of 0.05 mm/rev was 134 N, while the Fc force at a feed rate of 0.10 mm/rev was 

measured as 219 N. Although the feed rate increased by 100%, the main cutting force Fc increased by 63%. At 

0.20 mm/rev feed rate, Fc force was measured as 278 N. Here, the Fc force increased by 27% compared to the 

previous value of 0.10 mm/rev. Although there was 400% of increase between smallest feed rate of 0.05 mm/rev 

and the largest feed rate of 0.20 mm/rev, main cutting force Fc increased by 105% in total. As a second example, 

we can examine the 3% CNT-reinforced composite. While, the Fc force in 0.05 mm/rev feed was 96 N, the Fc 

force in 0.10 mm/rev feed was measured as 141 N. Although the feed amount increased by 100%, the main 

cutting force Fc increased by 47%. In the 0.20 mm/rev feed, the Fc force was measured as 218 N. Here, the Fc 

force increased by 55% compared to the 0.10 mm/rev feed rate. Although there was 400% of increase between 

the smallest feed rate of 0.05 mm/revand the largest feed rate of 0.20 mm/rev, main cutting force Fc has 

increased by 228% in total. According to these examples, it was concluded that the main cutting force Fc did not 

increase linearly with the increase in feed rates. It is understood from the graphs in Fig. 11 that composites in 

other CNT-reinforcement ratios can also be obtained approximately the same values. However, another 



conclusion was drawn from the two examples given above. It is also evaluated that the CNT nano material 

reinforced into the ZA-27 alloy causes unstable results on the main cutting forces Fc. 

 

3.4  Evaluation of Surface Roughness 
 

The surface roughness (quality) value is an important parameter to decide the quality of the product and is also a 

very important factor for the machining process. Surface roughness in machining operations mainly depends on 

machining parameters such as cutting speed, feed rate, depth of cut, and cutting tool entering angle 23. In 

machining, the average surface roughness Ra is usually taken into account. Ra is the arithmetic mean of the 

roughness values measured and is calculated according to Eq. 7. 

 𝑅𝑎 = 1𝐿 ∫ 𝑌(𝑥) 𝑑𝑥𝐿0                                                                                (7) 

 

Where (Ra) is the arithmetic mean of surface roughness values, (L) sampling length, (Y) profile curve coordinate. 

In Fig. 12, graphs drawn according to the average surface roughness values obtained from the machining tests of 

0%, 0.5%, 1.0%, 1.5% and 3.0% CNT-reinforced ZA-27 composite samples are given. The graphs show changes 

in the average surface roughness values for the feed rates of  0.05 mm/rev, 0.10 mm/rev and 0.20 mm/rev, 

depending on the cutting speeds of 75, 125, 175 and 225 m/min (Ra). 

 

     
 

 
Fig. 12 Surface roughness amounts according to feed in 0%, 0.5%, 1.0%, 1.5% and 3.0% CNT-reinforced ZA-27 

composites 

 

Looking at the graphs in Fig. 12, it is understood that the most important parameters affecting surface roughness 

amounts are cutting speed and feed rate. In a study in the literature, it was stated that surface roughness mainly 

depends on the feed rate and then the cutting speed 23. In the graphics in Fig. 12, it is seen as a general trend 

that the surface roughness values decrease with increasing cutting speed. There are studies reporting similar 

results in the literature 21. Another issue that affects the quality of the machined surfaces is the temperature 

that occurs during cutting. Considering the tool-workpiece and tool-chip interaction, the temperature in the 

cutting zone increases due to the increase in cutting speed. With this temperature increase, plastic deformation is 

easier in the primary deformation zone, while in the secondary deformation zone, the chip flow is facilitated. 

This positively affects the surface quality as expected and causes a decrease in surface roughness 28. Fig. 13 

shows the deformation zones formed during the metal cutting process. 

 



 
Fig. 13 Sources of heat generation in the orthogonal cutting process 29 

 

As seen in Fig. 13, heat occurs in three regions during metal removal. The workpiece is exposed to excessive 

strain in the primary deformation zone. The energy spent for this strain is much higher than the energy spent for 

elastic deformation. Therefore, it can be assumed that almost all of the mechanical energy is converted into heat. 

For this reason, the heat generated in the cutting zone can be considered as a very important factor as it affects 

tool performance and workpiece surface quality. In a study examining the relationship between cutting speed and 

surface roughness, it is stated that surface roughness decreases with increasing cutting speed at different cutting 

depth and constant feed rate 3. It has been stated in the studies that the most effective parameter on the surface 

roughness values is the speed of progress 30-33. In this study, in order to discuss the effect of feed rates on 

surface roughness values in more detail, the graphics in Fig. 14 were created. 

 

    
 

    
Fig. 14 Surface roughness amounts according to the cutting speed in 0%, 0.5%, 1.0%, 1.5% and 3.0% CNT-

reinforced ZA-27 composites 

 

Looking at the graphs in Fig. 14, it seems clearer that the surface roughness value decreases with increasing 

cutting speed, and the roughness values increase with increasing feed rate. Along with the feed rate, the corner 

radius (cutting edge radius) of the cutting tool used in machining tests is another important factor affecting the 

surface roughness 34. In Fig. 15, the surface roughness mechanism that occurs depending on the feed rate and 

tool nose radius is shown. 

 

 



 
Fig. 15 Surface roughness relationship with tool nose radius in machining 

 

In turning, the calculation of the surface roughness in relation to the tool nose radius is made according to Eq. 8. 

 𝑅𝑡 = 𝑓28𝑟 × 10                                                                                       (8)          

 

Where (f) feed rate, (r) cutting edge radius, (Rt) surface roughness. As can be seen, the feed rate is one of the 

most important factors that directly affect the surface roughness value. Therefore, as the nose radius of the 

cutting tool cannot sweep the surface with increasing feed rate, machining scratches occur on the parts where the 

tool tip cannot contact the surface. The height of these scratches is Rt, which is the largest roughness value. By 

calculating the arithmetic means of the Rt values obtained, the average surface roughness value Ra is 

determined. The average surface roughness value in the turning process using a single-edged cutting tool is 

calculated by Eq. 9. 

                                   𝑅𝑎 = 𝑓232𝑟                                                                                                 (9) 

 

Where (f) is the advance, (r) the cutting edge radius, (Ra) is the average surface roughness. As can be seen from 

the SEM images in Fig. 5, CNT-reinforcement material could not be distributed in the desired homogeneity 

within the composite structure. Especially with the increase of the CNT-reinforcement to 1.5% and 3% the 

roughness of the composites increased significantly Fig. 5c and d. In a study in the literature, it is stated that 

CNT-reinforcement  above 0.5% negatively affects the machinability and mechanical properties 35. The 

similar result was highlighted in another study in the literature 36. This undesired situation is considered to be 

caused primarily by CNT-reinforcement agglomerates. In areas where reinforcement agglomerates occur during 

chip removal, when the cutting tool tip meets the pore or the soft phase with the CNT agglomeration cutting 

behavior of the tool changes and the surface roughness changes. Porous areas have also occurred in areas with 

CNT agglomeration due to the removal of CNT materials from the surface during machining.The CNT additive 

increased the surface roughness values of the ZA-27 alloy and negatively affected the surface quality of the 

machined composites. It has been stated that graphite increases surface roughness. It is stated that this is caused 

by the smearing or removal of soft and amorphous graphite particles on the surface of the sample. It is 

emphasized that the cavities formed by the graphite particles moving away from the surface increase the surface 

roughness values 37. 
 

Another important issue is the low surface roughness values in pure ZA-27 matrix material without CNT-

reinforcement. In a study in the literature, it was stated that the surface of the composite material was more rough 

than the graphite-free alloy due to the removal of graphite particles on the machined surfaces of the composite or 

the grooves formed by the graphite particles behind the moving tool tip 27. In the pure ZA-27 material without 

CNT-reinforcement, the surface roughness was obtained at half value lower than 3% CNT-reinforced composite. 

For example, in the experiment performed at a cutting speed of 75 m/min and a feed rate of 0.05 mm/rev, the 

average surface roughness value (Ra) was measured at 2.17µm (micron) in the 3% CNT-reinforced nano 

composite. In the same experiment, the average surface roughness value (Ra) was measured as 1.05 µm in the 

pure ZA-27 sample without CNT-reinforcement. However, some instability has been noted in the range of 

roughness value with feed rate changes. For example, at a cutting speed of 75 m/min and 0.1 mm/rev feed, while 

the average surface roughness value in the 3% CNT-reinforced nano composite was 2.23 µm, the average 

surface roughness value in the pure ZA-27 sample without CNT-reinforcement was 1.33 µm. Lastly, in the 

experiment performed at a cutting speed of 75 m/min and a feed rate of 0.2 mm/rev, while the average surface 

roughness value in 3% CNT-reinforced nano composite was 2.84 µm, the average surface roughness value in the 

pure ZA-27 sample without CNT-reinforcement was measured as 1.61µm. As shown in the examples, the 

differences between the roughness values of 3% CNT-reinforced samples and pure ZA-27 samples without 

CNT-reinforcement decreased with increasing feed rates.This situation is thought to be caused primarily by the 

increase in the amount of chip removed. It caused the thermal softening with the temperature increasing on the 

material surface due to the increase in the amount of chip and increased cutting forces. During machining on the 

surface of softened material, it is evaluated that the ZA-27 matrix material is smeared to the pores together with 



the tool tip moving. With this smearing, it is thought that some of the pores in the composite structure may have 

been sealed and therefore the surface roughness values have decreased slightly. Another issue that affects the 

surface roughness values is the BUE occurring at the cutting tool tip. In a study, it was stated that the BUE 

formed at the cutting tool tip had an important effect on the roughness of the machined surfaces 19. 
 

In addition, it can be stated that the BUE formed at the cutting tool behaves like a cutting edge. It can be said that 

this situation prevents some wear on the tools. However, it can also be said when it has a negative effect on the 

roughness values and quality of the treated surfaces. It can be stated that the hard phase reinforcement particles 

that may be embedded in BUE and BUE at the tool tip can scratch the surfaces during machining experiments. In 

addition, it is thought that the BUE mass consisting of the ZA-27 alloy in the soft phase at the tool tip contributes 

to the increase of the roughness values by plastering the treated surfaces with the effect of the temperature. 

 

It is known that another aspect affecting the roughness of the composite structure is the production method of the 

composite. In powder metallurgy method, slightly more hollow structure can be formed when compared to liquid 

phase production methods. In areas where the bonding between the grains is weak due to the incomplete 

sintering process, ZA-27 particles can be removed from each other or broken and formed pores in the composite 

structure during machining. In addition, there are CNT particles in the composite structure that are located 

between ZA-27 grains and are heavily agglomerated. Since the intergranular bonding is very weak in these 

regions, larger amounts of material removal may occur. With this CNT and ZA-27 removal, carved regions are 

formed on the machined surface. Therefore, during the roughness measurement, when the probe of the 

measuring device over the cavity areas, there may be increases in surface roughness values or some instability. 

Looking at the graphics in Fig. 10 and Fig. 12, these instabilities are seen. However, in a study in the literature, it 

was stated that the porosity factor in materials produced by powder metallurgy can help break down chips during 

machining 33. According to the literature, this interpretation can be considered an advantage for the powder 

metallurgy method compared to the liquid phase methods. 

 

4  Conclusions 
 

The results obtained from the examinations of CNT-reinforced ZA-27 matrix composites produced by the 

powder metelurgy method and whose machinability tests are performed are listed below. 

 

1. With the increase of CNT-reinforcement ratio, hardness values of ZA-27 nano composites decreased and pore 

amounts increased. Especially at CNT-reinforcement ratios of 1.5% and above, there was a significant increase 

in the pore amount of the composite structure. 

2. The reduction of the hardness of the composite by the CNT-reinforcement reduced the mechanical strength. 

On the other hand, it had a positive effect on machinability by reducing cutting forces. 

3. Since the increase in feed rates increases the cross section, cutting forces and surface roughness have 

increased accordingly. 

4. With the increase of cutting speed, temperature increase has occurred in the cutting region. With the effect of 

plastic deformation and thermal softening caused by increasing temperature, friction in the tool-chip interface 

has decreased and chip flow has been relieved. As a result, cutting forces and surface roughness levels have 

decreased. 

5. CNT, which is a graphite based reinforcing material, has a lubricating effect, somewhat relieved the cutting 

process and caused the cutting forces to decrease. 

6. The rate of increase in feed rates and increases in main cutting forces were not linear. Although the amount of 

feed rate has increased by 100% each time, the increase in Fc main cutting forces has been around 50%. It was 

evaluated that this positive result was caused by the lubricating effect of the CNT-reinforcement  in dry cutting 

conditions and the depth of the cutting being in accordance with the tool nose radius. 

7. With the increase of CNT-reinforcement ratio in the composite structure, the roughness values on the 

machined surfaces increased. 

8. BUE has occurred in most cutting tools. At the same time, BUE amounts increased as the feed rate increased. 

The resulting BUE increased the surface roughness values. 

10. In homogeneous distribution and partial aggregation of CNT-reinforcing material in the composite structure 

has been evaluated to cause some instability in both cutting forces and surface roughness values. 

11. With the data obtained from this experimental study, it was concluded that the CNT-reinforcement in the 

ZA-27 alloy has a positive effect on the cutting forces and reduces the machine power spent. 

12. In addition, when cutting forces and surface quality are evaluated together in the machining of such 

composites, it can be recommended not to increase the CNT-reinforcement ratio above 1%. 
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Figures

Figure 1

Graphene and carbon nanotubes as (A) single wall carbon nanotube (SWCNT) and (B) multi-wall carbon
nanotube (MWCNT) structures [4]

Figure 2

Cutting force components in turning [6]



Figure 3

Cutting tool and tool holder used in machining tests

Figure 4

Machining test setup



Figure 5

Microstructures of 0.5% CNT (a), 1.0% CNT (b), 1.5% CNT (c), 3.0% CNT (d) reinforced ZA-27 matrix nano
composites

Figure 6

CNT-reinforcing elements in composite structure



Figure 7

Hardness and porosity amounts of Nano CNT-reinforced ZA-27 composites.



Figure 8

Cutting forces measured in CNT/ZA-27 composites depending on feed and cutting speed.



Figure 9

Cutting tools used in 0% and 3% CNT-reinforced composites machined at a cutting speed of 75 m/min,
225 m/min and feed rate of 0.05 mm/rev, 0.1 mm/rev, 0.2 mm/rev

Figure 10



Representation of the direction of the forces received by the tool when machining below and above the
nose radius.

Figure 11

Fc main cutting forces according to feed rates in 0%, 0.5%, 1.0%, 1.5% and 3.0% CNT-reinforced ZA-27
composites



Figure 12

Surface roughness amounts according to feed in 0%, 0.5%, 1.0%, 1.5% and 3.0% CNT-reinforced ZA-27
composites

Figure 13

Sources of heat generation in the orthogonal cutting process [29]



Figure 14

Surface roughness amounts according to the cutting speed in 0%, 0.5%, 1.0%, 1.5% and 3.0% CNT-
reinforced ZA-27 composites

Figure 15

Surface roughness relationship with tool nose radius in machining


