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Abstract

This study presents the impact of molybdenum (Mo) inclusion on microstructure, mechanical, and machinability behavior of
steels manufactured with powder metallurgy (PM) approach. PM steel samples with different molybdenum ratios were pressed at
750-MPa pressing pressure and sintered in the atmosphere-controlled tube furnace at 1400°C for 1 h. While particle size and
distribution of phases of PM steels with different molybdenum ratios were determined by optical microscope, mechanical
properties were determined by applying tensile test. The results were observed that 3% Mo weight-added steel displayed the
maximum yield and tensile strength. In addition, the machinability properties of 3%Mo-added steel, which has the highest yield
and tensile strength, were investigated. In this work, we researched the thrust force and surface roughness as machinability
output, and drilling parameters on the output were determined by utilizing analysis of variance. Finally, SEM images were taken
from the inner surfaces of the machined holes and the fractured surfaces from tensile test, and information about the machinability
of this alloy produced with PM was presented. As a result, an increase in yield and tensile strength and a reduction in strain were
identified with the increase in Mo content. Moreover, the coated cutting tools are better on the machining output than the
uncoated cutting tools in terms of green environment. The most important factors on the Fz and Ra are the coating condition
and the feed rate with 56.53% and 43.62% PCR, respectively.

Keywords Powder metallurgy .Mo alloyed steels .Microstructure-mechanical property relationship .Machinability

1 Introduction

The steels are sensitive to heat treatment. In addition to the
chemical elements, the ideal hardness; physical, mechanical,
and electrical properties; and corrosion and high resistance to
heat can be achieved as an outcome of the applied heat

treatments [1, 2]. Alloy steels continue to develop with day-
to-day innovations in steel classes such as structural steels,
tool steels, cold-hot work steels, speed steels, spring steels,
stainless steels, and heat-resistant steels. With every new re-
search and innovations, alloy steels continue to meet the
needs. The alloy steel is commonly employed in several
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sectors, namely, aircraft industry, auto industry, and structures
(bridges, buildings) [3–6].

In unalloyed and low alloy steels, high alloy steels are used
if the desired properties are not available or insufficient. In
addition to increasing the mechanical strength at normal tem-
peratures, this type of alloying aims to obtain some desired
properties such as heat, scaling, corrosion resistance, temper-
ature hardness, and non-magnetization. Molybdenum is used
to counteract the temper brittleness tendency in low nickel-
chromium steels. The inclusion of around 0.3% molybdenum
offers this. The impact strength of nickel and chromium steels
with molybdenum added after tempering also increases sig-
nificantly. It also increases the tensile and yield strength.
Molybdenum possesses positive impact to avert grain devel-
opment, increasing the hardening ability. It eliminates temper
brittleness. During slow cooling from tempering temperature,
carbide precipitation occurs at the grain boundaries of some
alloys, which causes brittleness. Molybdenum eliminates this
negative effect. Likewise, it rises the creep and wear resistance
of molybdenum steels [7, 8].

Molybdenum applications have revealed the suitability of
steel structures to work in knocking places. It is frequently
preferred in aircraft and ground vehicle engines and
manufacturing sector steels. Molybdenum can also be used
as a flame-resistant coating for other metals. It was reported
from Hossam et al. [9] that Mo in small amount increase the
hardenability of steels when it was dissolved in austenite. Lee
et al. [10] showed that molybdenum raised the impact of pre-
cipitation hardening in Nb-added HSLA steels. Junhua et al.
[11] researched the outcome of Mo constituent on the me-
chanical and microstructure properties of high strength pipe-
line steel X80. It was reasoned that the volume fractions of
acicular ferrite raised as the measure of increase in Mo con-
tent, which brought about an addition in yield strength and
rigidity.

PM is the process of breaking metal and alloy powders into
pieces without melting them under certain pressure and tem-
perature. The prepared powders are bonded to each other by
diffusion through sintering heat treatment, increasing the
strength of the material [12, 13]. Despite the fact that the
present steels are created as flat and tubular items, the making
of forged steels has also accelerated in recent years. In addi-
tion, steel production is carried out by powder metallurgy
method, although it is not sufficient today [14–16]. In the
literature, there are some studies about PM steel production
and microstructure mechanical property relationship. For ex-
ample, Erden et al. [17] created V and Ti micro-alloyed steel
with PM technique. They explored the sintering process by
keeping it for 60 min. at 1150 °C and found that the yield and
tensile properties increased as Ti and V ratio (0.1–0.2%) in-
creased. It can be attributed to the precipitation forming in
particular TiC (N) and VC (N) during sintering and during
cooling subsequent to sintering.

The elimination of machining is one of the ongoing goals
of the PM industry. One of the major advantages of the PM
process is that it requires very little secondary processing.
Many parts are still used for close tolerance, better surface
finish, and some post-production to create some geometric
elements on the part which need secondary processing. PM
market reviews have shown that around 60% of all parts re-
quire one of the machining operations [18]. Numerous parts
have openings opposite to the pressing direction, narrow and
long grooves, screw threads, etc. It requires additional ma-
chining operations to create geometric features and precise
size and surface finish. With the widespread use of PM parts
recently, more complex shapes are produced, which increases
the need for secondary processing. PM parts have gained ac-
ceptability in recent years, as they increase the processing cost
due to their poorer machinability and different machining dif-
ficulties compared to forged and cast parts [18]. This is due to
the different material structure resulting from different produc-
tion technique of PM materials. Therefore, when machining
PM parts, it is initially performed with lower feeds and revo-
lutions than forged materials of similar composition. Despite
the poor machinability of PM materials, an advantage in pro-
cessing is that the material that has to be removed in the form
of chips is usually in smaller quantities than forged and bulk
materials [19].

It is anticipated that the production of alloy steels will be-
come even more important in the future, as small and complex
parts, which are difficult to produce with conventional pro-
duction methods, can be produced by powder metallurgy
method. Although there are not enough studies in the literature
on the machinability and development of steel materials pro-
duced by powder metallurgy method, there are a few studies.
Since the machinability of PM steels is influenced by more
variables than forged steels, their machining ability is less than
wrought materials. For this reason, in the processing of PM
steels, even for parts with similar chemical composition or
mechanical properties with wrought steels, the processing
conditions cannot be used exactly. In the machinability of
PM workpieces, due to the porous structure, excessive tool
wear often results in high cost and poor surface finish
[18–20]. The processing of sintered compacts presents unique
problems that are often not predetermined and whose exami-
nation is limited only by its quantity. The main factors affect-
ing the machinability of PM products are given below: PM
process characterization, material characterization, and ma-
chining parameters [21, 22]. Although the machinability abil-
ity is low, some researchers have still examined the machin-
ability of the materials produced by PM [19, 21, 23–26]. The
common point in these studies is to perform machinability
tests as well as to evaluate the performances of cutting tools
for one PM material produced with a certain chemical com-
position without mechanical properties. These machining
studies were also performed by either coated or uncoated
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cutting tools. In the path of filling the gap in research, in this
work, the production of a new type steel in the desired com-
position was manufactured by adding different proportions of
molybdenum powder into Fe powders. The particle size and
distribution of the phases of the alloy steels produced were
determined by optical microscope. The shape, distribution,
and type of sediments were analyzed with the help of SEM
and EDS. Tensile test and hardness test were applied to alloy
steel samples with different chemical composition prepared in
tensile sample sizes after microstructure analysis. The % elon-
gation, yield-tensile properties, and measured hardness values
of the specimens are explained depending on the microstruc-
tural changes. The fracture type was determined by examining
the fracture surface images obtained from the fractured tensile
samples with the help of SEM. In addition, the machinability
properties of 3% Mo-added steel, which has the highest me-
chanical properties among the manufactured samples, were
investigated with coated and uncoated cutting tools.

2 Materials and methods

2.1 Production of Mo-added PM steel

The mechanical, microstructure, and machinability properties
of Fe-C and Fe-C-Mo alloy including various Mo ratios
manufactured by PMwere examined in this study. The dimen-
sions of graphite, iron, niobium vanadium, and nickel pow-
ders used in the study are <20 μm, ≤180 μm, and <150 μm,
and 96.5%, 99.9%, and 99.9%, respectively (Fig. 1).

Steel was produced by mixing in the chemical elements
displayed in Table 1. The powders were evaluated in

RADWAG AS-60-220 C/2 brand digital accurate scales with
0.0001 sensitivity at the rates given in Table 1, before the
mixing process. The weighed powders were mixed without
balls for 1 h with a triaxial mixer of TURBULA T2F tool.

The mixed powders were made into blocks by unidirec-
tional compression in a 100-ton capacity press (Hidroliksan,
Konya, Turkey) at a pressing pressure of 750 MPa in the form
of a tensile sample in agreement with ASTM (E 8M) powder
metal material standards. Sintering process is done to the
sintering temperature of the samples at 5 °C/min started with
the rapid heating. After the temperature reaches the sintering
temperature of 1400 °C, the samples were remained at the
temperature for one hour and transferred to room temperature
by 5 °C/min quickly cooled down and finally sintered. The
manufacturing process of PM test samples is given in Fig. 2.

Sintered tensile samples are examined at 1 mm/min in the
SHIMADZU (50 kN) tensile test setup. Flow stress graphs
were achieved from each test. From these graphs, the yield
strength (0.2%), tensile strength, and strain values of the sam-
ples were measured and the variation in mechanical properties
due to the change in the molybdenum ratio in the chemical

Fig. 1 SEM images of powders. a
Fe (≤180 μm, ×2000). b Graphite
(<20 μm, ×2000). c Mo (<150
μm, ×5000)

Table 1 Chemical elements of PM steels

Alloys Graphite (%wt) Mo (%wt) Fe (%wt)

0.55 graphite + Fe 0.55 - Balanced

0.55 graphite + Fe + 1Mo 0.55 1 Balanced

0.55 graphite + Fe + 2Mo 0.55 2 Balanced

0.55 graphite + Fe + 3Mo 0.55 3 Balanced

0.55 graphite + Fe + 4Mo 0.55 4 Balanced

0.55 graphite + Fe + 5Mo 0.55 5 Balanced
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composition was determined. Figure 3 presents the image of
the tensile samples after pressing.

2.2 Microstructural preparation

Microstructural inspections were established with ×50–×1000
magnification Nikon Epiphot 200 optical microscope using
2% nital solution by taking images of different sizes.
Densities of the samples were made as specified by
Archimets principle with Radwag density kit (Bruker Alpha,
Bursa, Turkey) brand density measurement kit. Ferrite and
pearlite ratios of powder metal steels were made using the
metalographic point count technique described by Gladman
and Woodhead [8]. Hardness measurements were applied for
all samples of unalloyed and alloyed steel by applying HV0.5

(0.5 kg) load in SHIMADZU hardness test setup. The hard-
ness value was determined by taking the average of 5 hardness
measurements from each sample. Spectral analysis studies
were carried out with GNR Atlantis Optical Emission
Spectrometer.

2.3 Machinability process

It has been employed to discover the elemental composition of
alloyed PM steels produced in different chemical composi-
tions. The chemical composition values aimed and obtained
by this method were compared. According to the results, be-
cause the alloy with 0.55Fe-3Mo is the most durable, the
machinability properties of this alloy were examined.
Drilling process was chosen as the machining method and
the cutting was explored with carbide drills (uncoated and
coated). In the experiments, 3 different feeds and cutting
speeds were used, and a total of 18 experiments were made,
9 tests for each tool. A fixed-point angle of 120 has been
selected for coated and uncoated Carbide drills.

Drilling trials were performed in the Johnford VMC-550 ma-
chining center located in the laboratory of Gazi University,
Faculty of Technology, Manufacturing Engineering
Department (Fig. 4).

Uncoated and PVD-coated high-speed steel (HSS) drill bits
with a 5-mm diameter which are used in the experiments were
supplied from KYOCERA cutting tool company. The drills
have a helix angle of 30° and drill point angle of 120°. The
factors for the experiment design were selected as the drill
quality (T), the cutting speed (V), and the feed rate ( f ) in the
drilling of Mo alloyed steels. The process parameters’ levels

Fig. 2 Manufacturing process of powder metallurgy

Fig. 3 Produced tensile test specimens
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decided as taking into consideration of literature and machin-
ing sector are displayed in Table 2.

A clamping mold was designed and manufactured to carry
out the experiments and to connect the samples to be drilled to
the dynamometer. The measurements of shear forces and mo-
ments were carried out using Kistler 9257 A type dynamom-
eter connected to the vertical machining center bench in the
CNC machine tools. Experiments were done by taking the
average value by repeating three times to obtain the best
values. KISTLER 5070-A type amplifier (multi-channel)
was employed to transfer signals from the four-axis piezo-
electric dynamometer to the data reading card, which is used
to obtain optimum results from the drilling tests, and
KISTLER Dynoware software (2825A-02-01) was utilized
to take the measurements.

The other purpose of this study is to evaluate the impact of
cutting tools (uncoated HSS and PVD-coated HSS) and ma-
chining variables on the surface quality of the hole in the
drilling process and to reveal the most suitable machining
conditions. The roughness values of the experiments conduct-
ed within the scope of the study were calculated in theMarsurf
M 300 type surface roughness device of “Mahr” brand. Probe
suitable for hole diameter is used to make surface roughness
measurements. Surface roughness data were evaluated by five
different measurements for each hole and determined by

taking their arithmetic mean. Measurements were taken at
the same distance (hole center) for individual hole, corre-
sponding to the hole axis. For each measurement, the part
was rotated at an equal angle. Hole measurement distance is
taken as 1.75 mm. According to the drilling test results, the
effect levels of the factors on the feed force (Fz), torque (T),
and mean surface roughness (Ra) were estimated by applying
analysis of variance (ANOVA) at 95% confidence interval.
Experimental design and analysis of variance were carried
out with the help of Minitab17 package program. In addition,
SEM images were taken from the inner surfaces of the ma-
chined holes and the fractured surfaces from tensile test, and a
comment will be made on the machinability of this alloy pro-
duced with PM.

3 Results and discussion

3.1 Microstructure and mechanical properties of
Mo-added PM steel

Themicrostructure analysis of sintered PM steels at 1400°C in
argon atmosphere is given in Fig. 5. The images proved that
the unalloyed PM steel is formed in ferrite and perlite phases.
In addition, with the addition of Mo, it was observed that the

Fig. 4 The experimental setup for
drilling tests

Table 2 Parameters and their
levels for the drilling experiments Symbols Parameters 1st level 2nd level 3th level

M Material 0.55C 3Mo Fe

T Drill quality HSS (uncoated) HSS (TiAlN coated)

V Cutting speed (m/min) 15 20 25

f Feed rate (mm/rev) 0.05 0.1 0.15
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amount of perlite in the structure increased and with the addi-
tion of 2% Mo in weight, there were bainitic phases in the
structure. In the addition of 4% and 5% Mo, a rise in number
of pores and fall in the bainite phase was detected as a result of
the excessive formation of MoC (N) deposits in the grain
boundaries of Mo in the structure, and it is thought to affect
the mechanical properties.

Though porosity is not good for strength [14–19], the cur-
rent study got small and spherical pores which are not adver-
sarial to the strength of the current material. As seen in
Table 3, the theoretical density before sintering, density and
porosity after sintering were calculated. It is observed that the
amount of porosity generally increases when the powder in-
creases with the alloy on the metal steels [27]. During
sintering, the powder grains fused together. After sintering,

the density of the samples naturally increased. The mechanical
properties of components formed by PM are related to the
pore ratio. While pores act as centers where stress is concen-
trated, they also contribute to crack propagation [28].

Tensile test results obtained from samples with different
alloy ratios are shown in Fig. 6.

Additionally, the tensile strength and strain values of PM
steel samples are displayed in Table 4.

As seen in Fig. 6 and Table 4, the tensile strength in-
creased, and the elongation values decreased with the in-
crease in the amount of molybdenum added to the Fe-
graphite main matrix composition. The change in mechan-
ical behavior after the inclusion of Mo to unalloyed steel is
summarized as follows. The tensile and yield strength in-
creased by the addition of Mo to the material to a certain

a

b

c

Fig. 5 Microstructure images of PM steels with distinct Mo ratios sintered in argon atmosphere at 1400°C (×200–×500). a Fe-0.55 graphite. b Fe-0.55
graphite-1Mo. c Fe-0.55 graphite-2Mo. d Fe-0.55 graphite-3Mo. e Fe-0.55 graphite-4Mo. f Fe-0.55 graphite-5Mo
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rate and caused it to decrease after a particular value. This
event is clearly seen in Fig. 6. While an increase in strength
was observed in the additions up to 3% molybdenum by
weight, this increase started to decrease linearly. Up to 3%
Mo by weight, the development of precipitates such as

MoC, MoN, and MoC (N) throughout and after sintering
at the matrix and grain boundaries increased the strength
by means of precipitation hardening, aggregation harden-
ing, dispersion hardening, and grain size reduction strength
enhancing mechanisms [29].

e

f

d

Fig. 5 (continued)

Table 3 Density and porosity in PM steels

Chemical composition Theoretical density (gr/cm3) Post-sintered density (gr/cm3) Relative density (%) Porosity (%)
0.55 graphite + Fe 7.8292 7.3714 94.15 5.85

0.55 graphite + Fe + 1Mo 7.8536 7.3845 94.02 5.98

0.55 graphite + Fe + 2Mo 7.8780 7.3575 93.39 6.61

0.55 graphite + Fe + 3Mo 7.9024 7.3696 93.25 6.75

0.55 graphite + Fe + 4Mo 7.9268 7.4176 93.57 6.43

0.55 graphite + Fe + 5Mo 7.9512 7.3524 92.46 7.54
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In addition, it was stated from Özdemirler et al. [5] that
these precipitates caused an increase in strength by precipita-
tion hardening, dispersion hardening, and grain size reduction
mechanisms. Furthermore, the reason for the decrease in me-
chanical properties can be attributed to the addition of 4 and
5%Mo to unalloyed steel. It is seen that MoC (N) precipitates
agglomerate excessively in the grain boundaries and the pre-
cipitates decrease the mechanical properties. As a matter of
fact, Özdemirler et al. [5] observed in their study, the average
particle dimensions increased a little with the increment of
NbC ratio from 0.2 to 2% by weight. The reason for this
was expressed as the excessive formation of large NbC de-
posits at the grain boundaries.

SEMmicrostructure and EDS analysis results of steel sam-
ples produced by PM method are shown in Fig. 7. The SEM
microstructure in which Fe, C, and Mo are present in steel and
carbide, nitride or carbonitride precipitates such as MoC (N)
and Fe3C have been determined as a result of EDS examina-
tions. It has been reported that these precipitates limit the
growth of austenite grain and also increase the strength of
the material by precipitation hardening [30].

The effect of alloying elements in solution on recrystalliza-
tion of austenite is not strong. The inhibition of grain bound-
ary progression by precipitated particles is substantially more
than the impact of dissolved atoms [31–34]. From the SEM,

EDS, and microstructure results, it was determined that the
element Mo was present in solution and as a precipitated
particle.

The EDS analysis results found in this study were com-
pared with previous literatures; it shows that precipitates such
as MoC (N) are formed in alloyed PM steels. In Fig. 7, it is
found that MoC, MoN, and MoCN deposits are formed in the
microstructure by adding Mo to unalloyed steel. SEM EDSs
taken from the microstructure support this. As seen in Fig. 7,
C amount in spectrum 1 taken from the precipitate is 3.12% by
mass and Mo amount is 0.86, while C amount in spectrum 2
taken from matrix is 2.97, Mo amount is 0.65. The increase in
the amount of C and Mo in the spectrum no. 1 indicates that
this precipitate is MoC. Likewise, similar studies support this
finding [35]. After the tensile test of the PM steel sample
sintered at 1400°C, broken surface images were taken at
×250 and ×1000. When the SEM images of the alloy steel
samples containing different Mo are examined (Fig. 8), the
fractured surfaces displayed partially ductile (honeycomb
structure) and partially brittle (separation planes) behavior. It
was obviously observed that there are pores on all the broken
surfaces. It can be attributed to the fracture occurred by the
combination and advancement of micro spaces. Though, it is
seen that the separation planes are an indicator of brittle frac-
ture, which are most in alloy steels including 5%Mo, medium

Fig. 6 Difference of stress–strain
curves of the unalloyed and
alloyed PM steels with different
Mo (a—0%; b—1%; c—2%;
d—3%; e—4%; f—5% Mo)

Table 4 Mechanical properties of
sintered PM steels for 1 h at
1400°C

Alloy Ultimate tensile strength (MPa) Elongation (%) Hardness (Hv 0.5)

0.55 graphite + Fe 290 14 103

0.55 graphite + Fe + 1Mo 479 8.9 121

0.55 graphite + Fe + 2Mo 632 8.3 163

0.55 graphite + Fe + 3Mo 718 8 241

0.55 graphite + Fe + 4Mo 680 7.5 172

0.55 graphite + Fe + 5Mo 485 6.3 128
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in alloy steels containing 3% Mo, and the least in alloy steels
containing 1% Mo. Furthermore, the large voids were detect-
ed in the PM steels. The existence of the gaps reveals that the
precipitates like MoC (N) detach from the surface during the
tensile test [36]. Shanmugasundaram et al. [37] in their study
observed that these larger voids were created on the examined
surfaces of PM steels including Cr, Ni, and Mo, and attributed
this situation to the separation of carbide, nitride, and
carbonitrides from the surface in the tensile tests. In conse-
quence of the tensile tests, a rise in yield and tensile strength
and a reduction in strain were detected with the increase in
Mo, Cr, and Ni substance. The values obtained because of the
tensile test show compatibility with the broken surface
pictures.

Results from some samples are given in Table 5. Spectral
analysis results show that the chemical composition planned

before production and the chemical composition values ob-
tained after production are compatible with each other.

3.2 Machinability results of 3% Mo-added PM steel

Quite possibly the main cost factor in machining is energy
utilization. The power consumed during machining is one of
the elements that decide the energy utilization [38]. In drilling
operations, high thrust forces negatively affect the hole quality
and tool reliability, while unnecessary (insufficient) forces
affect the productivity negatively. In addition, surface rough-
ness in machining is immensely significant in terms of pro-
viding the desired surface quality in the final product.
Correctly determined cutting tools, cutting parameters and
cutting conditions have a noteworthy consequence on the de-
sired surface quality [39, 40]. In this investigation, the effects

a

b

c

d

Fig. 7 SEM microstructure
images of powder metal steels. a
Unalloyed. b 3% Mo steel
(×1000–×5000). c Spectrum 1
graph. d EDS results
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of these variables on the thrust force (Fz) and surface rough-
ness (Ra), which are an important machinability output in
terms of surface quality, were analyzed.

3.2.1 Assessment of experimental thrust force

Figure 9 presents the Fz changes obtained by using different
cutting parameters with uncoated HSS carbide, and HSS
PVD-coated cutting tools.

When the graphs are analyzed, it is seen that there is a
decreasing trend in the thrust forces (Fz) in both tools due to
the increases in cutting speed at the feed rates of 0.05–0.15
mm/rev. It can be said that this decrease on Fz with a rise in
cutting speed is related to the reduction in the tool-chip contact
region, and partly to the decrease in the yield strength of the
material due to high heat with the increase in cutting speed
[41, 42]. Considering all the levels of the feed rate, by increas-
ing the speed from 15 to 20m/min, the decrease rate for coated
and uncoated tools was estimated as 4.5% and 11.2%, respec-
tively. This trend is 6.6% in the increase of the cutting speed
from 20 to 25m/min in the feed rate of 0.05mm/rev. However,
in the same cutting speed increments, there is a slight increase
in the feed rates from 0.1 to 0.15 mm/rev. These increases can

be attributed to possible tool wear as a result of upsurge in heat
at the cutting region and increased loads on the cutting tool at
high speed-feed combination [43]. In addition, it is

a b

c d

e f

Fig. 8 Fractured surface picture
of tensile samples with 1%Mo (a,
b), 3% Mo (c, d), and 5% Mo (e,
f) composition sintered at 1400
°C (a, c, e ×250; b, d, f ×1000)

Table 5 Spectral analysis results of cold PM steel samples sintered at
1400 °C

Fe-C Fe-C-3Mo

Element Result Unit Element Result Unit

C 0.35 %wt C 0.33 %wt

Si 0.005 %wt Si 0.001 %wt

Mn 0.164 %wt Mn 0.189 %wt

P 0.005 %wt P 0.023 %wt

Pb 0.001 %wt Pb 0.006 %wt

Cr 0.064 %wt Cr 0.086 %wt

Mo 0.011 %wt Mo 2.88 %wt

Ni 0.046 %wt Ni 0.078 %wt

Al 0.001 %wt Al 0.0015 %wt

Cu 0.095 %wt Cu 0.098 %wt

Co 0.008 %wt Co 0.006 %wt

S 0.003 %wt S 0.003 %wt

Fe Balanced %wt Fe Balanced %wt
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appreciated that the negativities such as the fact that the dril-
ling process is performed in a closed area and the chip evac-
uation becomes difficult due to the increased chip volume
may be effective on this situation [44].

In all variables of cutting speed (15–25 m/min), depending
on the increase in the feed rate, there is a rise in Fz values for
both cutting tools. The volume of chip removed can be ex-
plained with the increase in Fz and feed rate [45–50]. For each

cutting speed, it has been calculated by an average of 74.6%
and 30% for uncoated and coated cutting inserts by increasing
the feed rate from 0.05mm/rev by 100%. This increase was
obtained by 200% of the feed rate for the same variables and
121.3% and 57.3%, respectively. In the light of all these re-
sults, it is conceivable to tell that the feed rate is more effective
on the modification of Fz than the cutting speed. From the
plotted graphs, it is clear that the outcomes obtained with
coated cutting tools are lower than the uncoated cutting tools.
When the Fz results were evaluated with regard to all speed-
feed combinations, an average of 49.6% lower results were
obtained for coated tools in comparison with uncoated tools.
The lowest Fz value was obtained as 248 N at 0.05 mm/rev
feed rate and 25 m/min cutting speed. Result attained for un-
coated tools with the same parameters is 425 N. It can be
explained by the fact that the changes obtained with coated
cutting tools are better on the machining output than uncoated
cutting tools in terms of efficiency, and this situation can be
explained by the low friction coefficient of coated cutting
tools and the effect of reducing the thrust forces by reducing
the friction at the tool-chip junction [50–53]. Considering the
energy consumption effects on costs, it can be said that coated
cutting tools can be preferred over uncoated tools as they will
be more efficient.

A statistical method, i.e., analysis of variance, was
employed to determine the effect of tool coating, speed-feed
combination on Fz and Ra. This analysis was performed at the
95% confidence level. ANOVA results for Fz are presented in
Table 6. To communicate the impact of control factors on
output statistically, the F values are taken into account in
deciding the significance level (P) and the contribution rate.
For the control factors to be statistically significant on the
output, the P value must be less than 0.05, and the control
factor with high F value is acknowledged in determining the
factor that affects the most [54, 55]. The effects of the drilling
parameters in the study on the Fz are displayed as percentage
contribution ratio (PCR) in Table 6.

Fig. 9 Thrust force (Fz) assessment. a Uncoated HSS. b PVD-coated
HSS

Table 6 ANOVA results for
thrust force (Fz) Source Degree of freedom Sum of square Mean square F P PCR (%)

C 1 641467 641467 513.420 0.000 56.53

V 1 705 705 0.560 0.472 0.06

f 1 354320 354320 283.590 0.000 31.22

C*C 1 6834 6834 4.350 0.061 0.60

V*V 1 3062 3062 2.450 0.152 0.27

f*f 1 4312 4312 3.450 0.096 0.38

C*V 1 6440 6440 5.150 0.049 0.57

C*f 1 106408 106408 85.170 0.000 9.38

V*f 1 8 8 0.010 0.938 0.00

Error 9 11245 1249 0.99

Total 17 1134801 100.000
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According to Table 6, the utmost dominant factor on the Fz
was the coating condition with 56.53% PCR followed by
coating condition with 31.22% and 9.38% additive rates, re-
spectively; the feed rate and coating condition * feed rate
followed the interaction.

3.2.2 Assessment of surface roughness and chip formation

The changes in surface roughness obtained as an outcome of
drillingwith uncoated and PVD-coated drills are given in Fig. 10.

With increasing cutting speeds, the quality of the surface
improved. This may be attributed to decreasing friction due to
the decreasing of the material yield strength [56–60] by the
temperature increase by increasing speed [61, 62]. When the
Ra value is examined in the given graphics; in all variables of
the feed rate (0.05–0.15mm/rev), there is a reduction in Ra as a
reason of increasing in cutting speed. In all values of the feed,
the rise in cutting speed is observed to decrease the surface
roughness by 10.6% and 15.2% on average for uncoated and
coated tools, respectively. In the rise of cutting speed from 15
to 25m/min, Ra change was obtained as 19.8% and 36.6%,
respectively.

According to the results of ANOVA accomplished at 95%
confidence level, the effects of drilling parameters on Ra are
displayed in Table 7.

According to Table 7, the effective factor on Ra was feed
rate of PCR with 43.62%. The feed rate with the contribution
rates of 36.75% and 17.02%, respectively, followed by cutting
speed and coating condition.

Surface and chip images at increasing cutting speed vari-
ables are given in Fig. 11. There are no observable changes in
the chip samples taken with the rise in cutting speed. It is
visible that at high speed, burnt chips were formed as a result
of more heat.

The volume of chip removed with the increase in feed rate,
resist chip breaking, causes to increase the Fz [63] and indi-
rectly the cutting temperature [64]. Reliant to cutting speed
variables (15–25m/min), the Ra rises with the increase in feed
rate. It is understood from the plots that the mechanical loads
that increase on the cutting tool negatively affect the surface
quality [65]. In all cutting speed variables, from an increase of
100% (0.05–0.1mm/rev), an average increase of 14.5% and
35.1% was obtained for uncoated and coated tools,

Fig. 10 Surface roughness (Ra) assessment. a Uncoated HSS. b PVD-
coated HSS

Table 7 ANOVA results for
surface roughness (Ra) Source Degree of freedom Sum of square Mean square F P PCR (%)

C 1 2.1291 2.12913 104.46 0.000 17.02

V 1 4.599 4.59896 225.63 0.000 36.75

f 1 5.4586 5.45862 267.81 0.000 43.62

C*C 1 0.0133 0.0133 0.65 0.564 0.11

V*V 1 0.0929 0.09291 4.56 0.062 0.74

f*f 1 0.0265 0.02646 1.3 0.284 0.21

C*V 1 0.0022 0.00217 0.11 0.752 0.02

C*f 1 0.0053 0.00532 0.26 0.622 0.04

V*f 1 0.0027 0.00272 0.13 0.723 0.02

Error 9 0.1834 0.02038 1.47

Total 17 12.513 100.00
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respectively. In the increase (200%) of the feed rate from 0.05
to 0.15mm/ev, Ra changes by 46.2% and 67.6%, respectively.
For coated cutting tools, it is possible to say that it is effective
on Ra as well as on Fz values. Surface and chip images de-
pending on the rise in feed rate are given in Fig. 12.
Furthermore, the chip formation becomes irregular and
interrupted at higher feed rate. This phenomenon explains
the reason for the increase on Ra.

Lowest Ra value for the coated tool was found as 1.51 μm
at 25 m/min cutting speed and 0.05 mm/rev feed rate. The
result obtained with the uncoated cutting tool was measured
as 2.27 μm.When the Ra measurements are inspected accord-
ing to all cutting parameters, the results obtained with coated
cutting tools are on average 20.4% lower than the uncoated
tools. The surface images obtained with both sets in these
parameters are given in Fig. 13. In addition, the highest Ra

Fig. 11 Surface and chip images at 0.1 mm/rev with uncoated cutting tool. a V: 15 m/min. b V: 20 m/min. c V: 25 m/min

Fig. 12 Surface and chip images at 20 m/min with uncoated cutting tool. a f: 0.05 mm/rev. b 0.1 mm/rev. c 0.15 mm/rev
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value was attained at the lowest cutting speed (15 m/min) and
the highest feed rate (0.15 mm/rev) as 4.68 and 4.03 μm for
uncoated and coated tools, respectively (Fig. 14). Moreover,
the chip images obtained with uncoated and coated cutting
tools are given in Fig. 15. The chips obtained with coated
cutting tools are in the form of a more regular and smaller step
helical chip form. This fact explains the better surface quality
achieved with coated tools. Considering that it is one of the
most vital criteria used in estimating the machinability of the
material, it is possible to claim that coated cutting tools can be
preferred over uncoated tools in terms of machined surface
quality.

4 Conclusions

This investigation consists of the formation of a new type steel
in the ideal structure was made by adding various extents of
molybdenum powder into Fe powders. Tensile test and hard-
ness test were applied to alloy steel samples with different
chemical compositions to determine the strain, stress, and
hardness values. Furthermore, the machinability properties
of 3% Mo-added steel having the highest mechanical proper-
ties among the other manufactured samples were examined.
The important results that are obtained from the study are
summarized below.

Fig. 13 SEM images for lowest
Ra. a Uncoated HSS. b PVD-
coated HSS

Fig. 14 SEM images of the
highest Ra. a Uncoated HSS. b
PVD-coated HSS

Fig. 15 Chip images (V: 15
m/min, f: 0.05 mm/rev). a
Uncoated HSS. b PVD-coated
HSS
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& Perlite ratio of powder metal steel with Fe-C composition
sintered at 1400 °C increased with the addition of alloying
element. At the same time, the perlite ratio increased while
the ferrite ratio decreased.

& Generally, it has been observed that the tensile and yield
strength increases, and the percent elongation decreases
with the increase in the amount of molybdenum up to a
certain level. The reason for the rise in strength is attrib-
uted to the increase of perlite amount of nickel in the
microstructure and also to the bainite and martensite
phases formed in the structure.

& EDS analysis of PM steels reveals that Mo, C, and N
elements and precipitates such as CrC (N) and MoC (N)
formed by these elements are in the iron matrix.

& It has been observed that steels with alloying element
added have superior mechanical properties compared to
PM steels that are not added. The reason for this is pre-
sumed to be related to the strong carbide builder of
alloying elements or to transform the microstructure into
a harder phase. Refining of grain size and precipitation
hardening during sintering or cooling after sintering in-
crease the strength of steel.

& For each cutting speed, the increase of thrust force was
calculated by an average of 74.6% and 30% for uncoated
and coated cutting inserts, respectively, by increasing the
feed rate from 0.05 to 0.1 mm/rev.

& In the increase of cutting speed from 15 to 25m/min, de-
crease of Rawas obtained as 19.8% and 36.6%, respectively.

& The most important factors on the Fz and Ra are the coat-
ing condition and the feed rate with 56.53% and 43.62%
PCR, respectively.

& The chip shape becomes erratic due to the increase in the
feed rate and it is evident that the form of the chip is
disrupted while no observable change with the rise in
speed. The explanation for the increase of Ra is clarified
by this circumstance.
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