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Abstract: AISI H13 die steel is widely used in different industries because of its
especial properties. During the machining of hard materials, some of the mechanical
properties of the material are changed due to the generation of intensive thermo-
mechanical loads and plastic deformation into the workpiece. Controlling these
intensive changes in machined surfaces is an important task and significantly affects
the performance of the machined part. In addition, surface roughness is one of the
aspects of surface texture and affects the fatigue life of the material. Since machining
of'hard materials is a difficult procedure and it is confronted with several limitations,
new methods in machining processes are essential to be developed. One of these
methods is using cryogenic coolant where the machining temperature may be
considerably reduced by spraying liquid nitrogen on the cutting region. Based on
this, at the present study, the variation of thermal loads and surface roughness at
different machining parameters were evaluated under dry and cryogenic conditions.
To do this, a thermal infrared camera and liquid nitrogen delivery system was used
during the machining of hardened AISI H13 steel. Compared with dry condition, the
effectiveness of the cryogenic coolant on surface roughness and thermal loads were
analysed and discussed at different cutting speed, feed rate, and depth of cut. Finally,
it was found that, applying cryogenic coolant in machining of AISI H13 die steel can
be very effective to enhance performance and quality of the machined component in
terms of surface roughness and thermal loads.
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1 INTRODUCTION

AISI H13 die steel includes numerous properties
including high thermal strength, high resistance against
high thermal shocks, reasonable toughness, and high
hardness. These advantages have led to its widespread
use in molding, hot forging, extrusion, and gear
manufacturing industries [1-2]. Machining processes are
nowadays extensively employed in manufacturing
industries for production of different parts. During these
processes, intense thermo-mechanical loads are
generated within the material. These loads can cause
microstructural changes, micro-cracks and residual
stresses in the final product [3-4].

Consequently, surface integrity in difficult-to-cut
materials is a significant issue. Surface integrity
indications are surface texture (surface roughness and
quality), metallurgical alterations (microstructural
changes, white and dark layer development, and phase
change), and mechanical aspects (residual stress and
plastic deformation) [5]. The thermal loads produced
during the process are an important factor in evaluating
the surface integrity after machining. These thermal
loads often lead to residual tensile stresses in the
material and microstructural changes such as the
formation of white and dark layers in hardened die steel
[4].

Surface roughness of the machined wokpiece is a surface
texture parameter that has a considerable influence on
the durability and quality of the component. The thermal
loads developed during the chip formation can result in
an increase in surface roughness. This event leads to a
reduction in fatigue life and an increase in formation and
spreading of micro-cracks in the machined surface [6].
Furthermore, the changes induced by thermal loads can
reduce tool life and increase production costs. Therefore,
special attention should be taken into account for
reduction of thermal loads and the microstructural
changes in order to increase the performance and quality
of the manufactured parts [7].

Recently, new strategies such as the use of high pressure
coolant and cryogenic coolant have been employed for
improving the machining performance. In cryogenic
cooling, liquid nitrogen is sprayed onto the location of
contact between the tool and the workpiece during the
chip formation process which considerably reduces the
temperature of the cutting zone. As a result,
microstructural changes, residual tensile stress, and heat
affected zone are reduced [8-10]. Dananchezian et al.
[11] have shown that, using the cryogenic coolant
systems can reduce the temperature at the cutting area
more than 50% compared to dry conditions. In addition,
using the cooling condition in machining process is
effective for enhancement of tool life. Owing to these
advantages, researchers extensively employ various
cooling methods in order to improve the quality and
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efficiency of products [12]. A number of studies carried
out by other researchers are mentioned in the following.

2 LITERATURE REVIEW

In the study conducted by Umbrello et al. [13], the effect
of the machining parameters on the surface integrity of
the AISI 52100 steel was investigated. Their results
show that an increase in the cutting speed leads to higher
thermal loads during the machining process. Ramesh et
al. [4] studied the microstructural changes (formation of
white layer) during the orthogonal cutting of AIS1 52100
steel. Dahlman et al. [14] have studied the effect of the
tool geometry on surface integrity of the machined
surface. Their results demonstrate that the negative rake
angles produce higher compressive residual stresses.
Zhao et al. [15] have investigated the effect of the radius
of the cutting edge on the roughness of the machined
surface. Their results indicate that as the cutting edge
radius is increased, the roughness value initially rises,
and as the radius rises further, it is reduced.

The quality of the machined surface of AISI 4340 steel
was studied by Kumar et al. [16]. Their results show that
the value of roughness increases with increasing feed
rate and it is decreased with increasing cutting speed. In
a research conducted by Aouici et al. [17], the effects of
different tool geometries on the surface quality of
machined AISI H11 steel was evaluated. Kumar et al.
[18] have recently studied the impact of tool type and
material hardness on the thermal loads generated during
the machining of AISI 4340 steel. Abdelkrim et al. [19]
have also found that the maximum machining
temperature generally is increased at higher depth of cut
and cutting speed. The research was conducted by Ozel
et al. [20] on AISI H13 steel and it was reported that, a
smaller tool nose radius and lower material hardness
lead to a higher surface roughness. Tang et al. [21]
conducted research on the effect of the initial material
hardness on the quality of the machined surface. They
found that higher initial hardness causes the surface
quality to be deteriorated. They reported that increasing
the hardness value generally reduced the amount of
thermal loads. Sarnobat et al. [22] have also obtained
similar results in their studies on AISI D2 steel. The
effect of machining parameters on the machined surface
quality was investigated in by Hessainia et al. [23].
Most indications of surface integrity such as surface
roughness, residual stress and microstructure state at the
machined component are highly affected by the thermal
loads generated during the machining process.
Therefore, to improve performance and component life,
it is an important task to avoid and eliminate thermal
loads induced during the machining process as far as
possible. Since, many advantages of liquid nitrogen
make it an attractive choice as a cryogenic, it is highly
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recommended to conduct further studies on the
consequences of its use on the machinability of final
products.

As mentioned above, not only few studies have been
conducted on machining of AISI H13 steel, but also no
investigation can be found around evaluation of surface
quality and thermal loads under dry and cryogenic
machining of AISI H13 die steel. In fact, there is not any
research in literature around machining of hardened die
steel to compare and evaluate the surface quality and
thermal loads in dry and cryogenic conditions. Hence, it
seems that more investigation is essential around
evaluation of new coolant delivery systems such as
cryogenic system on machining performance. Based on
this, at the present study, the effect of cryogenic system
with liquid nitrogen was evaluated at different
machining parameters. Subsequently, the impact of each
process parameters was evaluated on the thermal loads
and the surface roughness. To this, several experiments
were conducted under dry conditions cryogenic
conditions. Thermal infrared camera was used in order
to assess the produced thermal loads. Then, the average
roughness of the machined surface was measured using
a roughness tester.

3 EXPERIMENTS

In order to evaluate the thermal loads and the surface
quality in the machining process of AISI H13 alloy, the
number of 10 testing experiments subject were
conducted at each dry and cryogenic conditions.

Length and diameter of the samples were prepared in
100 mm and 20 mm, respectively and they were
hardened up to 52 HRC. The chemical composition of
the AISI H13 alloy is reported in “Table 1”.

Table 1 Chemical composition of AISI H13 steel alloy

AlSl | _
H13 Ni | Mn C Mo Si Vv Cr Fe
010204 09| 10| 11|53 Res
0,
W g g | 4| 3| al 2] 9| ¢

The cutting tool was tungsten carbide (TCMW16T304-
ARNO) without a chip breaker that provided tool nose
radius of 0.4 mm and cutting edge radius of 10 um. The
utilized tool holder provides rake angle and clearance
angle of 7° and 0°, respectively. The experiments were
carried out under dry and cryogenic cooling conditions
(with liquid nitrogen) at different feed rate, depth of cut,
and cutting speed and the effect of each parameter was
evaluated on the thermal loads and the surface
roughness. The machining parameters for each testing
experiment were reported in “Table 2”. The machine
tool and the liquid nitrogen source are shown in “Fig. 1”.

An infrared thermal camera with capability of
measurement up to 1000°(c) was used for measuring the
thermal loads produced during machining process. After
machining the samples, the roughness was measured at
three points using the PCE RT 2200 Roughness Tester,
and the average roughness was reported.

Table 2 Machining parameters applied during machining

nJristl;[er Ve (rpm) ap (mm) af (mm/rev)
1 355 0.8 0.08
2 500 0.8 0.08
3 710 0.8 0.08
4 1000 0.8 0.08
5 500 0.5 0.08
6 500 1.1 0.08
7 500 1.4 0.08
8 500 0.8 0.14
9 500 0.8 0.2
10 500 0.8 0.24

Fig.1  Machine tool and the liquid nitrogen tank.

4 RESULTS AND DISCUSSION

In this section, the experimental results on the thermal
loads and the surface quality after machining are
discussed. The thermal loads generated at the machined
region were measured under dry and cryogenic
conditions at different cutting speeds, depths of cut, and
feed rates. After machining the samples, the roughness
was measured at three points and the average of surface
roughness was reported. Finally, the effects of the
different machining conditions on maximum machining
temperature produced at the cut zone and the surface
roughness at machined surface were evaluated and
compared.
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4.1. Investigation of the Thermal Loads

The mechanical contact between the tool and the
workpiece during the machining process often leads to
plastic deformation and thermal gradient at the cutting
region. The thermal loads produced during the
machining process result in microstructural changes,
residual tensile stresses, and probability of fatigue
fracture in the material [24]. Based on the significance
of the mentioned changes in quality of the final product,
it is possible to improve the reliability, quality, and
performance of the part by means of methods that
decrease the temperature at the cutting region. Spraying
liquid nitrogen on the machining area is an effective
strategy to reduce the thermal loads generated during the
process.

Therefore, at the present study, couples of experiments
were conducted to compare the thermal loads produced
in machining of hard material under dry and cryogenic
conditions. For measuring the generated heat, a thermal
infrared camera was used with the emissivity and
humidity parameters taken as 0.3 and 40%, respectively.
To this end, the thermal camera was located at a 1-meter
distance from the machine tool, and the temperature
distribution at the machining region was measured
during the operation. The spray of liquid nitrogen on the
machining area and arrangement of the thermal camera
are shown in “Fig. 2”.

' Liquid nitrogen | /

\ I
-

The thermal camera when easuring the thermal
loads generated at the machined area.

Fig. 2

As an example, the thermal camera image for both dry
and cryogenic conditions for test number of 2 can be
seen in “Fig. 3”. After conducting the machining
experiments, the variation of maximum machining
temperature at different cutting speeds, feed rates, and
depths of cut was compared and evaluated for both dry
and cryogenic conditions and the results are reported in
“Fig. 4”.
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Fig.3 A sample thermal camera image for testing number
of (2): (a): cryogenic conditions and (b): dry conditions.

The variation in temperature at different cutting speed is
given in “Fig. 4(a)”. As shown, the temperature is
generally decreased with increasing cutting speed under
dry conditions. In contrast, this temperature undergoes
little change with increasing cutting speed under
cryogenic conditions. According to the results, the
temperature changes from 123°C to 116.9°C with an
increase in cutting speed from 355 rpm to 1000 rpm
under cryogenic conditions. For dry conditions, the
temperature is firstly decreased with an increase in
cutting speed from 355 rpm to 500 rpm and then, it is
increased from 265°C to 321.3°C. The reason of this
event can be related to having no enough time for heat
exchange with environment at dry machining when
cutting speed is increased. It leads to a temperature
increase in the cutting area [25]. According to the
obtained results, with increasing cutting speed in
cryogenic machining, the temperature at the machined
location is reduced up to 63% relative to the
corresponding values for the dry condition.
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Fig.4  Comparison temperature distribution under
dry and cryogenic conditions at different: (a): cutting
speed, (b): depth of cut, and (c): feed rate.

“Fig. 4(b)” displays the temperature distribution induced
in machining of AISI H13 steel at different depths of cut.
The results indicate that, the thermal loads are
remarkably increased with increasing depth of cut for
both dry and cryogenic conditions. With an increase in
the depth of cut from 0.5mm to 1.4mm, the temperature
increases from 265°C to 434.3°C under dry conditions

and it is enhanced from 115.7°C to 204.3°C under
cryogenic conditions. The reason seems to be that with
an increase in the depth of cut, the tool penetrates more
into the workpiece. Subsequently, the mechanical
contact between the tool and the workpiece is increased,
and consequently higher plastic deformation and cutting
forces are induced. As the results of these events, higher
thermal loads are expected to generate [26]. It was found
that, the maximum machining temperature is reduced up
to 56% by using cryogenic condition when the depth of
cut is changed.

The variation in temperature versus feed rate is reported
in “Fig. 4(c)”. Based on the results, the machining
temperature is continuously increased with increasing
feed rate for both dry and cryogenic conditions. With an
increase in the feed rate from 0.08 mm/rev to 0.24
mm/rev, the temperature is enhanced from 265°C to
348°C and from 118.1°C to 151.9°C for dry and
cryogenic conditions, respectively. It seems that with an
increase in the feed rate, higher chip formation rate and
higher work hardening lead to a higher temperature at
the machined region. By increasing the feed rate, it is
possible to increase the machined area temperature
under cryogenic conditions compared to the
corresponding values under dry conditions.

A comparison was made among the obtained results, and
it was found that the depth of cut is the most effective
cutting parameters for enhancement of temperature.
According to the results, utilizing a cryogenic coolant
plays an important role in reducing the machining
thermal loads. Furthermore, it can decrease the
temperature of the machined region up to 50% relative
to the corresponding values under dry machining. Since
thermal loads significantly affect surface roughness,
studying these loads is beneficial for studying the
surface roughness. The following will investigate the
experimental value of the surface roughness.

4.2. Investigation of Surface Quality

Surface roughness is considered a key parameter of
surface texture [27]. It has a great impact on the fatigue
life of the part, and its high values make the assembly of
parts problematic. Therefore, the investigation of this
parameter seems imperative. To this end, a number of
tests under dry and cryogenic conditions were carried
out at different cutting parameters. Subsequently,
surface roughness of the machined surface was
measured using the PCE RT 2200 Roughness Tester at
three points, and the average of surface roughness was
reported. Finally, the effect of each cutting conditions on
the post-machining surface roughness was reported and
evaluated.

The changes in the surface roughness versus the cutting
speed for both dry and cryogenic conditions can be
observed in “Fig. 5(a)”. Based on the results, the surface
roughness values were initially increased and then they
were decreased at higher cutting speeds under dry
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conditions. In contrast, the surface roughness value
almost remains constant under cryogenic conditions.
With an increase in cutting speed from 355 rpm to 710
rpm under dry conditions, the surface roughness rises
from 0.72 pum to 1.46 um, whereas it almost remains
fixed at higher cutting speeds. Under cryogenic
conditions, an increase in cutting speed from 355 rpm to
1000 rpm results in a negligible variation in surface
roughness. It seems that the Built-Up Edge (BUE)
formation in dry machining at low cutting speeds leads
to an increase in surface roughness.

The variation in surface roughness versus depth of cut is
reported in “Fig. 5(b)”. According to the results, the
surface roughness was initially deteriorated and then, it
was improved with increasing depth of cut under dry
conditions. In more detail, with increase in the depth of
cut from 0.5 mm to 1.1 mm, the surface roughness
changes from 1.28 um to 0.84 um. In addition, an
increase in the depth of cut from 1.1 mm to 1.4 mm leads
to a rise in roughness from 0.84 pm to 1 um. It seems,
BUE formation at low depths of cut temporarily changes
cutting edge geometry so that, this event can lead to the
improvement of surface quality. On the other hand,
when the cryogenic condition is applied, the surface
roughness continuously is enhanced from 0.61 to 0.95
pum with increasing depth of cut. It shows that under
cryogenic conditions, BUE is not generated during the
process and the surface quality is deteriorated at higher
depth of cut due to the higher tool vibration. Comparing
the results of surface roughness for both dry and
cryogenic conditions indicate that, the effectiveness of
the cryogenic coolant for improvement of surface
quality is more dominant at lower depths of cut.

The effect of feed rate on surface quality is indicated in
“Fig. 5(c)”. The results indicate that the surface
roughness is increased considerably at higher feed rates
for both dry and cryogenic conditions. With an increase
in the feed rate from 0.08 mm/rev to 0.24 mm/rev, the
surface roughness rises from 1.231 um to 15.71 pm
under dry conditions and it is changed from 0.61 pm to
6.12 um under cryogenic conditions. It is probable that
the tool wear rate is increased with rising feed rate,
leading to a remarkable enhancement of surface
roughness [26]. Employing cryogenics has a positive
impact on reducing the surface roughness when high
feed rate is applied so that, the surface roughness is
changed from 15.71 um at dry conditions to 6.12 pm
under cryogenic coolant conditions.

Finally, the effects of different machining conditions on
the surface quality were evaluated by comparing the
results. It was found that machining at dry conditions
and increasing the feed rate play significant roles in
increasing the surface roughness. In contrast, cryogenic
machining can reduce the surface roughness by more
than 50%. It shows, cryogenic machining with liquid
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nitrogen is really influential for improving the post-
machining surface quality.
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5 CONCLUSION

At the present study, cryogenic machining with liquid
nitrogen was introduced as the new coolant system for
machining process of hardened AISI H13 steel and its
performance on thermal loads and surface quality were
compared with dry conditions at different cutting
conditions. Some of the results can be listed as follows:
- After comparing the results, it was found that depth of
cut has the most dominant influence on temperature
enhancement in machining process. By increasing the
depth of cut, maximum machining temperature was
451.9°C and 204.3°C for dry and cryogenic conditions,
respectively. In addition, at the lower depths of cut,
cryogenic coolant was more effective for reduction of
machining temperature than higher depths.

- Compared with feed rate, when cutting speed is
increased, the difference between the maximum
machining temperature under dry and cryogenic
conditions becomes more. Based on this, with an
increase in the feed rate from 0.08 mm/rev to 0.24
mm/rev, the temperature was changed from 265°C to
348°C and from 118.1°C to 151.9°C for dry and
cryogenic conditions, respectively.

- The results indicate that, the feed rate is the most
effective parameter on surface roughness for both under
both dry and cryogenic conditions. By increasing the
feed rate from 0.08 to 0.24 mm/rev, the surface
roughness is increased from 1.231 to 15.71 um and from
0.61 to 6.12 um for dry and cryogenic conditions,
respectively. It was also shown that, at highest feed rate,
the surface quality is satisfactorily better when
cryogenic coolant is employed.

- Compared with dry conditions, the effect of cryogenic
coolant is more visible for improvement of surface
quality at lower depths of cuts (less than 1mm) and at
higher cutting speeds (more than 500rpm). For cutting
depth of 0.5 mm, while the resurface roughness was 0.61
pm at dry conditions, it was 1.231 pum under dry
conditions.
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