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Experimental investigation and FEM analysis of chip morphology in the turning of
ASTM F-75 CoCrMo alloy

Ender EMIR"", Burak OZDEMIR?, Erkan BAHCE?

ABSTRACT

During the machining process, problems such as tool wear, high temperature, force distribution, and surface
quality deterioration must be fully understood. Control of these problems with experimental studies and numerical
analyses is important in ensuring dimensional accuracy and surface integrity of the cutting tool, workpiece, and also
the finished product. The aim of this study is to investigate the effects of machining parameters on chip morphology,
residual stresses and tool wear in turning operations of ASTM-F75 CoCrMo alloy experimentally and by finite element
method (FEM) simulation. The study was carried out at three different feed rates (0.1, 0.2, 0.3 mm/rev) and at a constant
cutting speed of 80 m/min both experimentally on a CNC turning machineand with FEM simulation. From the obtained
results, the formation of cracks and adhesions on the surfaces of the chip were observed due to the increase of the feed
rate. According to the orthogonal cutting model, chip height ratio (Gs) and tooth pitch (Pc) values of saw-tooth chips
supported each other with measurements taken from both FEMdmages and experimental images. With the increase of
the forward speed, the Gs ratio decreased, while the Pc increased. In addition, microscopic images obtained from the
cutting tool also showed that the rate of crater wear gradually increased with increasing feed rate. As a result, it is seen
that machining parameters have a significant effect on cutting tool and chip morphology in CoCrMo ASTM-F75 alloy
turning.
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INTRODUCTION

CoCrMo alloys are widely used'in fracture bone joints, knee and hip prosthesis applications due to their high
biocompatibility and mechanical. properties. However, in addition to the high biocompatibility it provides, the high
mechanical properties of the elements in the alloy can cause problems in the machining of the final product. One of
these problems is tool wear and deterioration of surface integrity due to the high temperature during chip removal.
These problems that occur during the manufacturing process increase both the production time and cost. Therefore, it
is very important to problems estimate and control any that may arise during fully production.

One of the most important issues examined in the literature on the machining of hard materials is tool wear
[1-5]. Tool wearin machining has an economically important role in chip removal. Given that machining is a complex
process, predicting tool wear is very difficult and complex. The turning of hard alloys such as CoCrMo rises to
approximately 850-1200°C depending on the temperature processing parameters that occur between the tool and the
workpiece. Therefore, knowledge of tool wear mechanisms and the ability to predict tool life are important in metal
cutting. It should be noted that contact conditions and areas in the cutting zone also affect tool wear [6]. Determining
these accurances by experimental studies affects important parameters such as processing time and cost. However,
changes in parameters such as feed rate and cutting speed during the experiments especially affect the force
distributions, heat generation and tool wear. The workpiece material and its physical properties affect the cutting force
for the applied cutting conditions. The optimum performance of a cutting tool requires an accurate combination of
machining parameters and cutting conditions [7]. The use of FEM software to determine the ideal conditions for chip
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removal is necessary for the optimization of experimental studies. Therefore, FEM software is important in the
optimization of machining processes. Thanks to these softwares, it is possible to obtain various results such as cutting
force, cutting temperature, stress, tool temperature, chip formation, and heat transfer when cutting. When the studies
on this subject are examined in the literature, it is seen that numerical analyses performed in the FEM environment are
similar to the experimentally obtained results [8,9].

On the other hand, the chips produced during the manufacturing process adversely affect the surface quality,
tool wear, and the resulting forces of the final product. Tool wear and surface quality deterioration can be prevented
by microscopic examination of the chips acquired as a result of the experiments. It is known in the literature that chip
morphology resulting from the machining of hard alloys is commonly caused by adhesion and cracks. In addition, it is
necessary to determine the surface and subsurface stresses for the detection of damaging effects such as wear, fatigue,
fracture and collapse in the contact that occurs during machining. [10,11]. For this reason, studies have been carried
out in the literature to investigate the effects of machining parameters on tool wear and chip morphology. Zhang et al.
(2014) investigated the relationship between chip morphology and tool wear in ultra-precision raster milling (UPRM).
A cutting experiment was performed to explore chip morphologies under different flank-wear area widths. Theoretical
and experimental results revealed that the occurrence of tool flank wear can cause cutting chips to be cut on both the
cutting edge and reduce the length of the cutting chips in the feed direction [12]. Japtag et al. (2018) have worked on
the chip formation mechanism in CNC turning of CoCrMo alloy [13]. They conducted experiments at different feed
rate, cutting speed, and cutting depths. In the results they obtained, they stated that the chip thickness ratio increased
due to the increase in the feed rate. Parida and Maity (2018) Monel-400 material was seen as a result of turning the
microscope images saw the formation of saw tooth form [14]. They also stated that the rate of progress is an important
parameter in the formation of continuous and discontinuous chips. Zhao et al. (2018) studied the effects of Ti6Al4V
alloy on the chip by cryogenic turning [15]. During the cryogenic cutting process, with the increase of cutting speed,
the chip height ratio and serrated pitch of titanium alloy chip increase. Tang et al. (2019) studied the tool wear
performance in dry turning of AISI D2 steel at various hardness levels [16]. In the experimental results, they observed
that lateral abrasions and crater abrasions occured significantly due to the increase in the hardness of the workpiece.
Bolat et al. (2021) the processing properties of pumice reinforced AA7075 syntactic foams produced by sandwich
infiltration technique were investigated by performing face turning at different cutting speeds (25, 50, and 100 m/min)
and feed rates (0.05, 0.10, and 0.15 mm/rev). In the results they obtained, they said that the shape of the metal chips
changed from long/continuous character to saw. tooth morphology depending on the increasing cutting speed levels,
while the pumice particles showed a tendency to break as their feed rate increased [17]. Pop and Titu (2021)
investigated the effect of clearance angle change on chip formation in the turning process using FE analysis. As a result
of their study, they said that'with the increase of the radius of the cutting edge, the stress distribution is radial over a
larger area of the part, and therefore the deformation of the chip is smaller [18]. Wakjira and Ramulu (2022)
investigated the analysis of chip morphology using the FE method in the turning of CSN 12050 carbon steel with
various tool geometries (tool rake and flank angles). In the experiments, rake angles of 0, 5, and 10, edge angles of 0
and 6, and depths of cut of 0.2 mm and 0.5 mm were determined using adaptive meshing for the tool. In the FE analysis
results, they estimated increasing von Mises stresses and decreasing cutting forces with 10 rake angles and 6 edge
angles [19]. Okokpujie et al. (2022) carried out an experimental study and FEM analysis to examine tool wear during
turning of Al-Si-Mg alloy. In particular, they investigated the effect of process parameters and machining conditions
on tool wear. They said that the depth of cut is the most effective process parameter in terms of tool wear [20].

The machining of ASTM-F75 CoCrMo alloy affects the dimensional accuracy deterioration and forces due
to irregularities in chip removal and tool wear, creating extra costs to reach the desired standards. One of the factors
affecting the yield of the product to be obtained in the chip removal process is sawdust. Therefore, it is important to
examine the effect of machining parameters on chip formation. The aim of this study is to investigate the effects of
different feed rate increases on chip types, residual stresses and tool wear in the machining of CoCrMo material and
to compare the results obtained with the FEM model. Unlike the literature, the effects of feed rate on chip morphology,
residual stress, and the occurrence of tool wear are discussed together. In this context, the results obtained by turning
operations at three different feed rates at a constant cutting speed and FEM results are presented together. Significant
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differences were observed in chip types, especially with the increase in feed rate. In addition, significant wear was
observed in the cutting tool with the force and temperature distribution during the turning operation.

EXPERIMENTAL PROCEDURE

EXPERIMENTEL SETUP AND FE MODELLING

The results of the study were obtained by using two different methods. In the first method, machinig process
was performed on turning machine at different feed rates (Figure 1). SEM images were taken of the chip and the cutting
tool used as a result of the experiment. In the second method, chip removal simulation was performed by using
ThirdWave software with FEM (Figure 1). As a result of this method, temperature changes and force distributions that
occured in the cutting tool were obtained.

Force-X (N), Force-Y (N)

Figure 1. Machining procedure.

The chemical composition of the CoCrMo-F75 alloy used in the study is given in Table 1. The mechanical
properties of the alloy are given in Table 2. The cutting process was made of tungsten carbide (WC) material with a
55° tool tip angle and a radius of 0.08 mm. In the study, the processing parameters are given in Table 3. In particular,
the cutting speed was set low for tool and workpiece integrity. In addition, a mesh with a tetrahedral element type, an
element size of 0.1 mm, 3517 nodes, and. 10265 elements were used for FEM simulations. In order to analyze the
analyses, linear motion was given to the cutting tool, while the workpiece was fixed. The Johnson-Cook material model
was implemented for the flow stress.of the workpiece and can be represented as Eq. (1)

HCln(D%) [1-( o )m] (1)

Tm'TO
where o is the flow stress, ¢ is the plastic strain, [le is the plastic strain rate and &-0 is the reference plastic

0=[a+B(0)"]

strain rate. T, Tr and Tm are the work temperature, reference temperature and material melting temperature,
respectively. A, B, n, C and m are the material constants. The flow chart for FEM analysis is given in Figure 2.
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Table 1. Chemical composition of CoCrMo [21].

Element wt. %
Cr 26-30
Mo 5-7
C <0.14
Fe 0.75 (max)
Mn 1 (max)
Si 1 (max)
Ni 0.25 (max)
Co Balance

Table 2. Mechanical properties of CoCrMo [22]:

Young’s Modulus (GPa) 220
Poisson Ratio (v) 0.29
Hardness (HRc) 35
Elongation (%) 14
Ultimate Tensile Strength (MPa) 1020
Yield Strength MPa 600

Table.3. Machining parameters of CoCrMo.

Cutting speed Spindle speed Feed rate Cutting depth
(m/min) (rpm) (mm/rev) (mm)
0.1
80 150 0.2 0.5
0.3
2 4

*Creating

workpiece and *Determination +Obtaining

cutting tool of workpiece +Creating a mesh analysis results
geometry and cutting tool
materials
1 3

Figure 2. Machining parameters of CoCrMo.
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RESULT AND DISCUSSIONS

SIMULATED FORCE AND TEMPERATURE DISTRIBUTION

Figure 3 shows the force changes resulting from a series of FEM simulations performed for three different
feeds (0.1 mm/rev, 0.2 mm/rev, 0.3 mm/rev) at a constant cutting speed of 80 m/min. In the results obtained, it was
seen that the force value in the X direction was highest at the feed rate of 0.3 mm/rev. Considering the force variation
range, it was higher at a feed rate of 0.3 mm/rev than at a feed rate of 0.2 and 0.1 mm/rev. Due to thermal softening,
the heating effect reduces workpiece stability [14]. As a result of FEM analysis, the maximum temperatures were
877.25°C at 0.1 mm/rev, 983.024°C at 0.2 mm/rev, and 1132.38° C at 0.3 mm/rev (Figure 4). As a result of the FEM
analysis, it was seen that the temperature increased with the increase of the feed rate. In this case, it was seen in the
results of the analysis that the forces that occurred during cutting were effective.
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Figure 3. Force distribution during chip removal; a) 0.1 mm/rev, b) 0.2 mm/rev, c¢) 0.3 mm/rev.
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Figure 4. Temperature distribution during chip removal; a) 0.1 mm/rev, b) 0.2 mm/rev, c) 0.3 mm/rev.

EFFECT OF MACHINING PARAMETERS ON CHiP MORPHOLOGY CHARACTERISTICS

Figure 5 shows typical chip morphologies at different feed rates. The size of the chips was directly related to
the feed rate. If the feed rate was 0.1 mm/rev, continuous chips were observed. On the other hand, discontinuous chips
were observed at feed rates of 0.2 mm/rev and 0.3 mm/rev respectively. From the acquired results, it can be concluded
that an increase in the feed rate facilitates discontinuous chip formation. This means that more chip thickness will be
removed with increased feed during chip removal, resulting in the chips being broken down into smaller pieces instead

of curling or striping.
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(@ (b) (©

Figure 5. Chip images at a constant cutting speed of 80 m/min; a) 0.1 mm/rev, b) 0.2 mm/rev, ¢) 0.3 mm/rev.

Figure 6 shows SEM images of chip morphologies that occur at/a constant 80. m/min of cutting speed at
different feeds. In the obtained images, the surface of the chip was seen to be smooth at 0.1 mm/rev. At 0.2 mm/rev, it
was observed that the chip surfaces caused cracks due to the increased heat generation during chip removal. A further
feed rate of 0.3 mm/rev caused an increase in the amount of chips removed per unit feed, resulting in increased
temperatures between the tool and the chip. As a result, it was observed that there was significant adhesion on the
surface of the chip.

Smooth

Mag= 100X EHT=2000kV SignalA=SE1 WD= 11mm = Mag= 100KX  FHT=2000kv SgnelA=SEt WD= 1imm

It

Adhesion

0
Fooﬂ‘ Mag= 250X EHT=2000kv SgnelA=SEt WD= 11mm

Figure 6. Chip SEM images: a) smooth, b) crack, ¢) adhesion.
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It is seen that chip-shaped saw-tooth formations occur due to the natural brittleness of the material when
removing chips from the surfaces of hard materials [8]. Similar results were also seen from the performed FEM analysis
(Figure 7). For detailed analysis of the effect of machining parameters on chip morphology, optical images from chip
surfaces are as shown in Figure 8. In the study, it was seen that saw-tooth structures were formed in chip morphology
due to the increase in progress. This is explained by the localization of the stresses in the cutting zone during the turning
of the alloy and the instability of the plastic flow of the workpiece material [12, 23]. In fact, in the FEM analysis
formed according to the orthogonal cutting model, it was observed that a localized stress zone was formed in the
primary deformation region during metal removal (Figure 9).

Saw teeth

formation w~__

Chip flow \

Mag= 100KX  EHT=2000kvV SignalA=SE1 WD= 11mm

Zaw

Figure 9. Localizated stress zone at 0.3 mm/rev.
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Chip morphologies are not uniform due to various feed rates. SEM images showed that lamellar structures
were formed on the free surface of the chips (Figure 10). This type of structure extends along the width of the chips,
which is normal to the chip flow direction. While the outer edges of the chips have saw-tooth structures, when the
inner parts are examined, a transition to the lamellar structure is observed (Figure 10a). Saw-tooth structures are not
clear in this region. The increase in the feed rate reveals the formation of regular lamellar structure (Figure 10b, Figure
10c). This is due to the cutting band formed due to the high feed rate when the material in front of the cutting tool is
moved in the cutting direction [24-26].

TEop
—

(a) (b)

Whgs 20X EHT=2000Ky SardA=SE1 WD= 11w

Mags EODX  EMI=2000K0 SamdA=SE1 WO= f1mm

Figure 10. Lamella structure formation at; a) transition of saw teeth and lamella structure, b) 0.3 mm/rev, c) 0.2
mm/rev.

Figure 11 shows that the chip morphologies change significantly at different feed rates. Continuous chip
formation is observed compared to the chips obtained at alow feed rate (f = 0.1 mm/rev) and other feed rates (f= 0.2
mm/rev and f= 0.3 mm/rev) (Figure 11a). With an increase in the feed rate, the chip increasingly scalloped on a takes
shape (Figure 11b and Figure 11c). This is due to cyclic cracking, creating very intensive shear bands. In fact, similar
results have emerged in the on the machining of hard metals literature [27].

—_ Meg= 150X EWT=2000 SigwlA=SEY WD= 11mm 200um Mgs BOX  EHTS2000W PR ———

(b)

Mag= 180X  EWT=2000kV SigsA=SE1 WD= 11mm

(©)
Figure 11. Chip morphology at varying feed rate; a) 0.1 mm/rev, b) 0.2 mm/rev, c) 0.3 mm/rev.
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The schematic diagrams of the chip height ratio and serrated pitch measurement obtained as a result of both
experimental and numerical work are shown in Figure 12. The chip deformation degree can be characterized by the
chip height ratio (Gs) and the chip height ratio is calculated as given in Eq.2: [15]:

h,-h,
Gs= h, (@)

where Gs is chip height ratio, hi is the height from the bottom of chip to the peak of serrated chip, and hz is
the height from the bottom of chip to the lowest valley of serrated chip. The serrated pitch (Pc) can be obtained by
measuring the distance between the addenda of two adjacent teeth in the chip. Each of the geometric characteristic
parameters of the chip was measured 5 times and the average values of Gs and Pc were used.

— Mag= 250X EHT=2000kV Signdl A=SE1 WD= 11mm

(a) ®)

Figure 12. Comparison of modeled and experimental chip; a) modelled chip, b) experimental chip.

In Figure 13, the chip height ratio and tooth pitch variation of the chips obtained from both experimental and
numerical analyses at different feed rates are given. When the change in the tooth height ratios is examined, this ratio
decreases with an increase in the feed rate. With the increase of the feed rate, the cutting area between the tool and the
cutting workpiece increases, which increases the chip pit height (h2) while decreasing the chip top height (h:). It was
observed that it decreased by 31% at‘a feed rate of 0.2 mm/rev compared to a feed rate of 0.1 mm/rev, and by 20% at
a feed rate of 0.3 mm/rev compared to a feed rate of 0.2 mm/rev. Conversely, the tooth pitch values increase with the
increase in the feed rate. It was observed that it increased 20% at 0.2 mm/rev feed rate compared to 0.1 mm/rev feed
rate, and 15% increased at 0.3 mm/rev feed rate compared to 0.2 mm/rev feed rate. In fact, similar results have been
observed in studies focused on the investigation of chip morphology by researchers in the literature [28,29].

10
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Figure 13. Comparison of saw-tooth degree of modeled and experimental chip; @) chip height ratio, b) tooth pitch.

RESIDUAL STRESS

The variation of the simulated residual stress along the depth of the workpiece at various feed rates was
analyzed, as shown in Figure 14. The maximum compressive residual stress was-observed on the machined surface.
Three stress zones occurred as a result of the contact between the tool and the workpiece. Zone 1 was formed in front
of the cutting edge, and less tensile stress occurred in zone 2 compared to zone 1. The stress occurring in this region
was in the opposite direction to the shear plane. Zone 3 occurred on the surface and lower layers of the workpiece, and
especially in this region, there was a mechanical load accumulation. It was also greatly affected by the thermal load in
this region, as heat generation occurred due-to plastic deformation during chip removal and friction between the tool
and the workpiece. However, the heat gradient formed on the surface was limited by the subsurface layers, thus
compressive plastic stress occurred in the surface layer.

Stress-XX (MPa}
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Figure 14. Formation mechanism of residual stress; a) =0.1 mm/rev, b) f=0.2 mm/rev, ¢) =0.3 mm/rev

TOOL WEAR

During the machining of Co alloys, crater wear, lower tungsten particles stick between the workpiece and the
cutting tool, also high levels of diffusion speeds occur [30]. In this study, after the machining of CoCrMo alloy,
microscopic images. were taken from carbide cutting tool at 3 different feed rates (0.1, 0.2, 0.3 mm/rev) at the of
manufacturing. Microscop images showed a significant increase in the progression of tool wear. Images showed a
significant increase in crater sizes due to the increase in progression at a constant 80 m/min (Figure 15). Increasing the
feed rate during production increases the amount of chips removed per unit time, which in turn leads to an increase in
the temperature between the workpiece and the cutting tool [31-33]. Thus, the size of the crater wear gradually
increases. Table 5 gives the measurement results of the wear areas that occur in the cutting tool. The values support
the microscopic images. Furthermore, from the FEM analysis, with the increase of the progression on the cutting tool
(Figure 16). It was seen that the effect area of the temperature increased significantly. As a result of the analysis, it was
seen that the temperature formed at 0.1 mm/rev advance was approximately significant to 1.212 mm distance from the
tool tip, 1.328 mm distance at 0.2 mm/rev and 1.409 mm distance at 0.3 mm/rev feed rate. Additionally, the peak
temperature changes that occurred during the manufacturing process of the cutting tool were examined (Figure 17).
The highest feedrate used in the analyses was increased to 1200°C with a maximum peak temperature of 0.3 mm/rev.
While the other feed rates increased to a maximum of 1000°C. Thus, it was observed that the high temperature values
were directly associated with each other during crater wear and chip removal.

On the other hand, it has been observed that the interaction between the tool nose radius and the feed rate
affects the tool wear area. The increase in the cutting zone temperature with the increase in feed rate did not

12
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significantly affect the tool nose radius. It has been found that the maximum temperature occurs in the middle of the
tool-chip contact length and in the interaction of the corner radius of the tool with the side face. As a matter of fact,
similar results were obtained in studies on the tool nose radius of machining parameters [34].

0.1 mm/rev 0.2 mm/rev 0.3 mm/rev

—

Figure 15. Change of crater wear dimensions due to increased feed rate.

Table 5. Change of crater wear area-according to feedrate.

Feed rate (mm/rev) 0:1 0.2 0.3

Crater wear area (mm?) 0.9935 2.27 3.56

Figure 16. Distribution of temperature influence area due to increase in progress; a) 0.1 mm/rev, b) 0.2 mm/rev, c)
0.3 mm/rev.

13
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Figure 17. Peak temperature change in the tool at different feed rates; a) 0.1 mm/rev, b) 0.2 mm/rev, c) 0.3 mm/rev.

CONCLUSIONS

This article provides information about the results of the work performed by both experimental and numerical
analyses of chip morphology and tool wear. The results obtained are as follows:

1. As a result of the FEM analysis, it was seen that the force that occurred with the increase of the feed rate in
the force change results obtained during machining according to the orthogonal cutting model increased. The
increase in the amount of chip to be removed per unit feed causes an increase in the force. Especially
considering the force variation range, it is higher at a feed rate of 0.3 mm/rev than at a feed rates of 0.2 and 0.1
mm/rev.

14
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2. Cracks and adhesion occurred due to the increase in the feed rate in the chip images examined by SEM.
Smooth chip surfaces were obtained at a feed rate of 0.1 mm/rev. Cracks and adhesions were observed in the
chip images at 0.2 and 0.3 mm/rev feed rates.

3. According to the experimental measurement and FEM analysis results, ASTM F75 CoCrMo alloy produces
serrated chips regardless of the feed rate. However, with the increase in the feed rate, the serrated chip became
more pronounced. As the feed rate increased, the Gs ratio decreased, while the Pc increased. Depending on the
increase in the feed rate, the chip height ratio decreased by approximately 45% and the serrated pitch distance
increased by 29%.

4. It was observed that the crater wear area increased with the increase in the feed rate. On the other hand, no
significant change was observed in the tool nose radius due to the increase in the feed rate, as the maximum
temperature occurred in the middle of the tool-chip contact length.
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