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Abstract: This article examines energy consumption, micro-
structure,mechanical properties, and the change in thewear
amount during the machining of GGG-42 cast iron material
with two types of guide cutting tool produced by powder
metallurgy and casting method The tap. tool samples used
as cutting tool material were first subjected to the traditional
hardening process and then to two different cryogenic treat-
ments (24–16 h) at −90°C. The internal structures of the
guide samples obtained from conventional heat treatment
and cryogenic treatment were examined with an optical
microscope and Scanning Electron Microscope. The hard-
ness changes were checked with Vickers measurement
method. The wear amount forming after the threading
process was measured with CLEMEX program in a light
microscope. In addition, by measuring the current amount
drawn during the machining of the cast iron with guide
cutter tools, instantaneous power consumption during cut-
ting and power consumption during chip removal were cal-
culated. The application of heat treatment and cryogenic
process increased the hardness of the guides. Moreover,
the power consumption during the chip removal was also
seen to increase. This can be commented that cutting tools
produced with powder metallurgy perform better than the
cutting tools produced via casting and 30% energy saving.

Keywords: threading process, cryogenic process, micro-
structure, energy reduction, process development

1 Introduction

Materials of high-speed tools used in the cutting process
are required to have a certain toughness value. Besides,
these tools are expected to be wear-resistant at high tem-
peratures. DIN 1.3343 steel is a standard high-speed tool
steel and has having versatile usage area with high
toughness and cutting properties [1]. The development
of high-speed steels began with the hardening of tung-
sten-manganese steel by Mushet in 1860. The machining
possibilities of these steels were not fully known until
Taylor and White used them in applications in 1900 [2].

In order to remove chips from a hard material, a cut-
ting tool that is harder, has wear resistance, and pro-
duced at ideal cutting angles is required. These steels
have quite high hardness values due to additions of
high carbon and alloy elements. The special carbides
formed by alloy elements with carbon increase the hard-
ness. The hardness values of many tool steels can be
increased up to 67–68 HRc [3]. The toughness in high-
speed tool steels is increased by reducing the carbon
amount in the composition of the steel to a lower level
or by hardening the steel in an austenitizing temperature
lower than the generally known austenitizing tempera-
ture, thereby providing a finer grain size [4]. One of the
important properties of high-speed steels used as a cut-
ting tool material is the cutting capability. According to
the usage area of the tool, cutting capability is high-
lighted or shaped. Then, the tool is subjected to heat
treatment in order to acquire properties like toughness,
hardness, and wear resistance in accordance with the
material of the workpiece. It provides an important effect
on the formation of the desired martensite as a result of
heat treatment. MC carbides, for example, vanadium car-
bide, increase the wear resistance of the steel due to their
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extreme hardness [5]. In terms of their properties, these
steels are similar to tungsten high-speed steels but they
generally have slightly higher toughness at the same
hardness. The main advantage of molybdenum steels is
that they have almost 40% lower initial cost than tung-
sten steels of the same type. High carbon and vanadium
amount increase wear resistance, and the increase in the
amount of cobalt as in tungsten steels increases the red
hardness. M15 is the most wear-resistant steel of the M
group. M Steels are a bit more susceptible to hardening
conditions than T steel, especially in heating and leaving
to the atmosphere because they are easily decarburized
under improper processing conditions. Almost 90% of all
high-speed steels produced in the United States are molyb-
denumsteel [6]. High alloying elements and carbon amount in
speed steels reduce martensite start and completion tempera-
tures. The martensite completion temperature drops below
room temperature. Therefore, there is austenite remaining
before transforming martensite in the structure while
quenching from the austenitizing temperature to the steel.
This is called “remaining austenite” or “residual auste-
nite.” Other than martensite and residual austenite, there
are special carbides in the internal structure of the quenched
steel that remain undissolved at austenitizing temperature
and are formed by alloying elements. After hardening, there
are 70% martensite, 10% undissolved carbide, and 20%
residual austenite in the microstructure of the steel Bargel
and Schulze, 1987 [7,8]. Cryogenic process is a cooling pro-
cess used to improve wear resistance in tools exposed to high
wear. The process is divided into two groups including
shallow cryogenic and deep cryogenic processes. The shallow
cryogenic process is more common, and this process is
applied to the materials in the temperature range between
−60°C and −90°C; however, the deep cryogenic process is
applied at temperatures below −125°C. As shown in Figure 1,

cryogenic processes are composed of three stages including
slow cooling, wetting, and tempering/heating [9].

Cooling step is the stage of cooling materials from
ambient temperature to cold/cryogenic temperatures in a
certain time interval (degrees/hours or degree/minutes).
Wetting/Impregnation is the stage of keeping materials
in cool/cryogenic temperatures within the specified time
(hours), and this stage is important in terms of the
resulting properties of the treated material. Tempering
process is generally applied to metals to increase the
fracture toughness of materials after the cryogenic
process.

However, it is not recommended to conduct any tem-
pering process before the cryogenic process in order to
achieve the final effect [10]. It is stated in the literature
that the cryogenic process increases many mechanical
properties of iron alloys and non-iron alloys and wear
lives exceeding 200% have been determined [11–13].

These days, energy saving has become a significant
matter to take into account in the production of both
consumer products and industrial equipment. Studies
on energy saving, especially recent ones, have highlighted
the required energy consumed in the sector [14–16] for
the production of semi- and fully finished products. The
industrial machining process is a primary component of
the global economy. Identifying the optimal criteria for
this process can contribute to the production of a max-
imum number of quality parts with minimum energy con-
sumption [17,18]. Being a significant factor to evaluate
mechanical components, roughness can also have an effect
on their performance. Production costs and machining dif-
ficulties make having a low roughness value – which is
desirable for such a process – difficult to achieve. These
costs usually increase upon reduced surface roughness
[19]. Numerous previous studies have focused on energy
consumption in the machining process. Mori et al. [20]
analysed the impact of cutting conditions on power con-
sumption in the drilling and end milling of S45C carbon
steel using a vertical machining centre. Liu et al. [21]milled
ASSAB 760 steel under dry-cutting conditions and then
measured the forces using a dynamometer and the power
consumption using a Power Meter. Thus, a new machining
energy consumption model was introduced. Camposeco-
Negrete [22] determined optimal cutting parameters for
minimal surface roughness, cutting force, cutting energy,
and energy consumption for the turning of AISI 6061 T6.
Oda et al. [23] conducted an experimental study to identify
the optimal inclined angle for lowering the consumption of
energy. In the turning of AISI 1045 steel, Shokoohi et al. [24]
investigated the effect of the heat generated in the cutting
zone on power consumption and workpiece quality.Figure 1: Application of cryogenic process.
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Neugebauer et al. [25] analysed the effects of tool features
on power consumption during the processes of drilling and
turning. In addition, Muñoz-Escalona et al. [26] performed
measurements of the energy consumption and surface
roughness in the end milling of austenitic stainless steel
under cryogenic, fluid coolant, and dry cutting conditions.
Nas and Öztürk [27] performed facemilling on a spheroidal
graphite cast iron workpiece, measured the increase in the
consumed power index (PI) using an ammeter device, and
optimised the machining process through two different
cutting tools. A model was prepared to determine the
energy consumption allowance based on the movement
of the workpiece within the machining system [28].
Surface roughness in the slot milling of Al-7075 was
predicted through a proposed model. The hybrid tech-
nique used to develop the model was comprised of
combined use of the analytically calculated SCEC (spe-
cific cutting energy consumption) and the experimen-
tally characterized correlation between the SCEC and
the surface roughness [29].

Unlike the studies in the literature, the threading
process with the guide used widely in the industry was
investigated in this study. In the industry, the pipe
threading process is performed on machine tools spe-
cially developed for this job. These machines operate
with the pitch system and perform the threading process
by producing a high amount of torque for low shaft rota-
tion speed. In this study, special energy consumption
results, which have been widely considered an important
output in machining processes in recent years, have been
taken into account. In this context, the hardness, micro-
structure, and wear changes of the tap tools produced
by powder metallurgy and casting method were examined
in comparison with the energy consumption results. No
study was found about the correlation between the micro-
structure and hardness changes of cutting tools and SEC
(special energy consumption) results. In addition, the cor-
relation between guide wear and microstructure and SEC
has not been found in the literature. Unlike all the litera-
ture, the ideal tap tools material and heat treatment prop-
erties were investigated in this research in the light of the
changes in these parameters. It is thought that this article
can be a reference source for many studies.

2 Materials and method

This study was conducted by considering the maximum
cutting torque and the mass production conditions in the
industry. For this purpose, the pipe threading process
was conducted in a single operation by using ¾” BSP
(British Pipe Threading) female guide. A ¾” elbow which
has a thin wall is among the materials having the highest
cooling rate and which was designed in TS 11 EN 10242
standards was selected as the workpiece. The models
were moulded in mechanical presses in a sand casting
grade system on the pipe connection elements, and the
casting was produced from GGG 42 material. Böhler
1.3343 High-Speed Tool steel bars produced by powder
metallurgy method were supplied from the industry and
threaded in the same way. Table 1 shows the chemical
analysis of both types of materials.

High-speed tool steels heated in three stages to 1,250°C
were quickly cooled with nitrogen. By applying the tem-
pering process three times, the facture toughness was
then increased. These processes were carried out in a
vacuum environment, and then, the cryogenic process
was applied to three different samples for 16 and 24 h at
−80°C (Table 2). The samples were subjected to sanding and
polishing by taking bakelite. Then, the etching process was
done with 2% Nital. Microstructure images were obtained
with an optical microscope. In addition, the microhardness
changes were also investigated after heat treatment.

Table 3 shows the experimental plan designed for the
threading process, and the process was performed with a
product having three different heat treatment properties
and at 30, 40, and 50Hz frequency values. Thus, the effect

Table 1: Chemical compositions of threading tools (mole%)

Material Fe C Si Mn Cr Mo Ni V W

Powder metallurgy 80 0.717 0.399 0.286 4.15 5.04 0.323 1.89 6.59
Casting 77.9 0.81 0.617 0.637 4.87 5.41 0.68 2.15 6.12

Table 2: Cutting tool production methods

Cutting tools Production methods Heat treatment

T1 Casting Quenched
T2 Casting Cryogenic (16 h)
T3 Casting Cryogenic (24 h)
T4 Powder metallurgy Quenched
T5 Powder metallurgy Cryogenic (16 h)
T6 Powder metallurgy Cryogenic (24 h)
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of different heat treatment features applied to cutting tools
on SEC results at different rotation speeds could be exam-
ined. For the first time in the literature, the effect of micro-
structure and hardness changes of a cutting tool on energy
consumption and tool wear was discussed in this study.

In this manual threading machine, a current trans-
former and an ammeter were used during the pipe threading
process in order to measure power indices (PI) (Figure 2).
Thus, the graph in Figure 3 shows the power index changes.
This graph shows that power index and power changes
happened in three different regions.

During the turning process, the ecological effects of new
cutting fluids were analysed using different cooling techni-
ques, and energy consumption was measured. During the
machining process, the power index (PI) measurement of
the spindle servo drive was converted to kWh in this study
via an ammeter through three-phase motor power conver-
sion, as shown in equation (1).

=P V I σ3 . . . Cos .Total (1)

In this three-phase power conversion equation, P can
be related to the power type and the torque of the motor. V
stands for voltage, and it is 380 volts as it is an asynchro-
nous motor. I is the current value, and the current index is

measured with the help of an ammeter. The measurement
of power index values in the first region is performed
during the first time period. After the operator presses
the start button, the guide starts to approach the work-
piece. This time period can be called “approach time,”
and in this region, the guide advances with the engine
speed determined by the inverter (PAAT). In the second
time period, the threading process takes place when the
machine is idle (PThreading) and the current used to carry
out the threading process (PATT) is measured together with
it (PTotal). The final period includes the separation of the
product through the effect of friction under the return
speed when the threading process is completed. The
current changes are then measured during the progres-
sion to the switch and stopping of the motor (PATT). This
period can also be classified as “retract time.” During
this period, a frequency of 100 Hz is provided using the
inverter to save time and the guide moves to return with
the maximum speed.

Specific energy consumption (SEC) represents the
energy expenditure required to remove 1 ml of stock. It
is associated with cutting mechanics. In addition, special
cutting energy consumption (SCEC) is an important para-
meter for complete machinability. The energy consumption

Table 3: Experimental design for threading

Experiments Cutting tools Processes Frequency (Hertz)

1 T3–T6 Cryogenic (24 h) 30
2 T3–T6 Cryogenic (24 h) 40
3 T3–T6 Cryogenic (24 h) 50
4 T2–T5 Cryogenic (16 h) 30
5 T2–T5 Cryogenic (16 h) 40
6 T2–T5 Cryogenic (16 h) 50
7 T1–T4 Quenched 30
8 T1–T4 Quenched 40
9 T1–T4 Quenched 50

Figure 2: Current index measurement with ampermeter (left), Bench where experiments are carried out (right).
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value required to remove 1ml of sawdust. When the
machine does not remove chips in an empty state, it gives
out except the energy it consumes. In other words, it can
also be explained as the amount of energy spent just to
remove the chip from the workpiece. Below are the equa-
tions [30] used in the calculations of these energy con-
sumption results as equations (2) and (5):
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3 Results and discussion

3.1 Microstructural evaluations

Figure 4 shows microstructure images of the guides pro-
ducedwith a typical castingmethod. As can be seen, cemen-
tite and partial martensite structures were encountered in
the grain boundaries in thematrix structure made of pearlite

islets, and no significant change was observed in the micro-
structure with the applied cryogenic process. This causes
constant hardness values. Figure 5 shows microstructure
images of the samples producedwith the powder metallurgy
method. As can be seen, precipitate phases shrunk relatively,
their proportions increased visually, and they became more
uniform. It was concluded that these precipitate phases in
hard and brittle form were broken down and shifted in the
structure due to the increased internal stresses during the
cryogenic process. Similar observations are also available in
the literature, carbide grains in the samples subjected to the
cryogenic process were more evenly dispersed, and carbide
volume in the microstructure doubled [31–34].

When Figure 6 was examined, typical cast dendritic
branches formed grain boundaries, and MC carbides scat-
tered into the coarse cast grains were seen. As seen in
SEM images, microstructures of very different types were
not encountered which made the hardness values con-
stant. When Figure 7 was examined, MC carbides that
were heavily precipitated are seen to be homogeneously
dispersed. The tempering process led to the formation of
different types of primary carbides. After the cryogenic pro-
cess, the amount of carbides in the structure increased par-
tially and the hardness increased as a result of a more
homogeneous distribution of these carbides into the matrix.
When Figure 7 was examined, Mo2C–M2C and Cr7C3–M7C3-
type secondary carbides were observed to become more
evident.

Figure 3: Power index changes.
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Figure 4: Optical microscope images of samples produced by casting: (a) untreated, (b) T1, (c) T2, and (d) T3.

Figure 5: Optical microscope images of samples produced by powder metallurgy: (a) untreated, (b) T1, (c) T2, and (d) T3.
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When Figure 7 was examined, it can be seen that the
grain boundaries emerged more clearly than the micro-
structure in Figure 6. In Figure 7, the basic structure consists
of martensitic and a small amount of residual austenite. The
16-hour cryogenic process did not cause any significant
change in themicrostructure.When Figure 7 was examined,
it was seen that Mo2C–M2C and Cr7C3–M7C3-type secondary
carbides were denser and partially homogeneously distrib-
uted. With the cryogenic process, the residual austenite
amount decreased more than the previous microstructure,
and more MC carbide was formed, and they were observed
to be distributed homogeneously in the matrix microstructure

which increased the hardness values. Similar results were
also obtained by ref. [13]. In the microstructure of the
punches made from AISI D3 tool steels subjected to 24-
hour and 36-hour deep cryogenic process at −145°C, the
residual austenite amount decreased and MC carbides
were homogeneously distributed. This resulting structure
increased the punch life by causing an increase of hard-
ness values. In addition, increasing cryogenic process time
caused increases in both hardness and punch life. How-
ever, in a different study by the same researchers, dete-
riorations in corrosion properties were seen in contrast to
these improvements [12,35].

Figure 6: SEM images of the samples produced with casting.

Figure 7: SEM images of the samples produced by powder metallurgy.

Energy consumption of cryogenically treated tool steels  7



3.2 Wear rate results

Wear rate obtained in each cutting process was measured
with a light microscope. CLEMEX program equipped with a
light microscope was used to determine the numerical value
of the wear rate. The ISO standards for thread milling did
not allow the wear rate to exceed VB = 0.8mm. Therefore,
the wear rate in the largest cutting length characterized by
the bad scenario (the smallest tool life) was employed to
determine the best optimum cutting conditions. Also, it can
be observed that some materials adhere on the cutting edge

(adhesive wear) during thread milling tests. Furthermore,
some partial fractures and micro-cracks are caused by the
forces on the cutting edge. These failures signify that the
cutting tool has been significantly forced during the thread
milling process of cast iron material (GGG 42). Figures 8
and 9 show optical images of each sample, and wear mea-
surements were performed.

Table 4 shows the wear amounts obtained as a result
of machining guide cutter tools produced with cast and

Figure 8: (a, b, c)Wear images of the samples produced by using the
casting method.

Figure 9: (a, b, c) Wear images of the samples produced by powder
metallurgy.

Table 4: Wear rates of thread tools

Production methods Heat treatment (Wear rate) VB (µm) VBort (µm)

Casting Quenched 1,163 1,115 1,106 1,128
Casting Cryogenic (16 h) 937.1 935.7 995.9 956.2
Casting Cryogenic (24 h) 944.6 929.9 959.2 944.6
Powder metallurgy Quenched 1,110 1,141 1,001 1,084
Powder metallurgy Cryogenic (16 h) 562.8 532.5 490.6 529
Powder metallurgy Cryogenic (24 h) 139.4 363.7 475.5 326
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powder metallurgy methods with different cutting para-
meters of GGG-42 cast iron material in this study. When
the results in Table 4 were examined, it can be clearly
seen that the cryogenic process has an important effect
on the wear amount. While this amount is very low in cast
iron material, it can be asserted that cutting tools pro-
duced especially with powder metallurgy exhibited a
much higher wear resistance performance than those
produced with casting. This increase changed in parallel
with the microstructure and hardness values. Compared
to those treated with the cryogenic process, especially the
wear resistance of the guide samples produced with
powder metallurgy increased about four times. On the
other hand, the wear amounts of both cast and powder
metallurgical tools were very close to each other in the
heat-treated samples.

3.3 Hardness results

Table 5 shows the mean hardness values of the guide
tools subjected and not subjected to the cryogenic process
and manufactured with the casting and powder metallurgy
methods. While the mean hardness value of 741 HV was
obtained in the guide tools not subjected to the cryogenic
process and produced by the casting method, no significant
hardness value change was observed in the samples for
which the cryogenic process was applied. This process
caused no effect on the microstructure of the samples pro-
duced by the casting method which did not reveal any
change in the wear values and hardness values. However,
while the mean hardness value was 844 HV in the untreated
guides produced with powder metallurgy, significant
increases were observed in the hardness values along
with the increasing cryogenic process time, and these
values reached 884 HV with the increasing time. The
structure formed as a result of the hardening process
was composed of martensite, residual austenite, and
precipitate phases. It was thought that the amount of
residual austenite in the matrix decreased with the

Table 5: Hardness results according to heat treatment conditions

Production method Heat treatment type Hardness (HV1)

Casting Quenched 741
Casting Cryogenic (16 h) 744
Casting Cryogenic (24 h) 747
Powder metallurgy Quenched 844
Powder metallurgy Cryogenic (16 h) 871
Powder metallurgy Cryogenic (24 h) 884
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cryogenic process, and the precipitate carbide phases
were distributed more uniformly in the matrix phase,
and this increased the hardness values.

3.4 Energy consumption results

The current changes according to the determined experi-
mental design were measured while threading on the

manual pipe threading machine. By using energy power
conversion equations (1)–(5), power consumptions were
calculated for all determined outputs (Table 6). The total
current value was generally high at low-frequency values.
This value decreased as the frequency increased. PIair value
providing information about the power consumption of the
machine working in idle condition decreased in direct pro-
portion with the frequency value. According to these results,
it was believed that a more amount of instantaneous energy
consumption was shown since the machine performed the

Figure 10: Energy consumption results (24 h).

Figure 11: Energy consumption results (16 h).
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chip removal process with a lower rotation speed and a
frequency lower than the ideal frequency value during the
threading process although it performs less energy con-
sumption while operating in idle position as the frequency
value decreased [33,34]. When the instantaneous power
consumption values (PItotal) were examined, power require-
ments showed variation between 9.11 and 6.43 kW. According
to these results, it was determined that an average of 30% of
energy can be saved by choosing the ideal cutting tools. SCEC
results provided information about the machinability of a
material, that is, the energy amount required to remove
1mm3 chips [20,31].

When SCEC results were examined, it can be asserted
that the cold process applied to the cutting tool increased
this value. The most possible reason for this was that the
cutting tool increased the current value during residual
threading of the cutting tool whose elasticity capability
was lost and hardness value increased. When experiment
1 and experiment 4 were compared, the increase in SCEC
value is proof of this theory. In addition, the SEC value was
the most important output determining the energy con-
sumption in mass production, and this value determined
the energy consumption costs in production [21,25,28,36,37].
This value can be reduced from 144.788 J to 61.356 J by
determining ideal cutting conditions. However, these ideal
cutting conditions should be determined by examining the
wear amount in cutting tools. Because cutting tool costs
are an important factor that determines the production
cost as much as the energy consumption. When the results
were taken into consideration, the wear amount is less in

the cutting tool produced with the powder metallurgy
method. The least wear was achieved in a 16-hour cold
treatment. In a threading process to be performed at a
frequency of 50Hz, the most appropriate energy spending
will be 64.20 J. The time-dependent variation of the current
changes obtained in the planned experimental setup is
given in Figures 10–12. All calculations using the power-
energy conversion equations were obtained and evaluated
for these test results.

4 Conclusions

The guide tools produced with two different manufac-
turing methods (casting and powder metallurgy) were
subjected to −80°C shallow cryogenic process, the effects
of cryogenic process time, and manufacturing method on
microstructure, and some mechanical properties were
examined, and the following results were reached.
1. No significant microstructure and hardness changes were

found in the guides produced by the casting method.
2. Significant changes were observed in both microstruc-

tural and hardness values in the samples produced
with the powder metallurgy method. It can be said
that increased cryogenic process time provided more
uniform carbide distribution and a high martensite
ratio affected hardness values.

3. By calculating the effect of manufacturing methods on
wear mechanisms and lives of the guides and the

Figure 12: Energy consumption results, without heat treatment (24 h).
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efficiency calculation, more qualified studies can be
conducted.

4. While the shallow cryogenic process had little effect
on the wear resistance in the guides obtained with the
casting method, it provided up to four times improve-
ments in the samples produced by the powder metal-
lurgy method.

5. Cryogenic processes also affected energy consump-
tion. While energy saving was not observed in the
casting process, the value increases similar to wear
resistance was also observed in energy savings.

6. When instantaneous power consumption values (PItotal)
were examined, it was determined that an average of 30%
energy savings can be provided by selecting ideal cutting
tools. Accordingly, it was stated that the annual estimated
energy saving will be approximately 6,174 kWh for this
system by choosing the optimum operation conditions.
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