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Abstract In this study, the efficiency of minimum
quantity lubricant (MQL) was demonstrated during
hard-milling of AISI H13 steel with a carbide-coated
(TiAIN) cutting tool. A comparative analysis was done to
prove the effectiveness of MQL versus the dry cutting
method based on certain process parameters such as
surface roughness and cutting force. The L27 orthogonal
array of the Taguchi method was used for designing the
experiment. An analysis of the influence of cutting
parameters including cutting-speed, feed-rate, depth-of-cut
and hardness-of-workpiece on the cutting force and the
surface roughness was carried out by using the response
surface methodology (RSM) and analysis of variance
(ANOVA). The result shows that under both of the cutting
conditions (MQL and dry), feed rate and depth-of-cut are
main factors affecting surface roughness and cutting force.
Further, quadratic mathematical models for predicting
cutting force and surface roughness under dry cutting and
MQL conditions were established. The analysis of the
roughness and the cutting force showed the outstanding
effectiveness of MQL when compared with dry cutting.

Keywords MQL, Hard-Milling, Dry Cutting, Cutting
Force, Surface Roughness, RSM

1. Introduction

“Why perform dry cutting?” This question has been

answered in numerous studies and during actual production.

In their research, Sreejith, et al. [1] remarked that dry
cutting is the machining method of the future. The
appearance of CAD/CAM (Computer-aided design/
Computer-aided manufacturing) systems, the significant
advances of manufacturing, coating techniques for cutting
tools, and the industrial development of cutting machines
have all changed the metal-cutting process entirely. The

application of fluid cutting (or wet cutting) in traditional
metal machining has decreased of late due to the
environmental and human health concerns it causes. In
fluid cutting, a lubricant or cutting fluid is applied in order
to improve the tribological processes that occur between
the surfaces of the cutting tool and the workpiece. The
immediate advantages of using a cutting fluid during the
machining process are an improvement in surface
roughness, an increase in tool life, a reduction of tool wear,
and a lowered cutting temperature [2-5]. However, the
fluid cutting method has many negative effects, especially
with the significant adverse environmental effects it causes
and possible damage to operators’ health [1-4, 6]. Any
reduction, or even elimination, of the use of cutting fluids
involved during machining would be seen as a major
incentive to switch to a non-cutting-fluid method.
Therefore, dry cutting is presented as both an efficient and
a desirable alternative to fluid cutting. The advantages of
dry cutting include non-polluting of the environment, a
reduction in manufacturing cost through a saving in
coolant-related cost and lowered cleaning costs, and no
further danger to health of operators due to prohibitive
contact with toxic cutting fluid substances [1, 2, 4, 7]. In
cases of interrupted cutting, dry cutting improves tool life
due to an avoidance of thermal shock to the tool [1]. In
some cases, the required cutting forces using dry cutting is
lower than what occurs under wet cutting due to the effect
of increased cutting temperature and a thermal softening of
the materials [8].

The aim of the current study is to offer an analysis of
effective hard machining under different conditions.
Hard-machining is a term used to describe the machining
process of steel with a 40-60 HRC hardness with many
improvements [9, 10]. The machined surface of hard
machining is the same as in the grinding process
whenever suitable cutting parameters are to be applied
[10]. Further, utilizing hard machining can reduce
manufacturing costs, has higher material removal rates,
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and decrease machining time. Flexible process design is
also a distinct advantage of hard machining [11, 12].
Nevertheless, hard machining under dry conditions also
has disadvantages because of increased tool wear, and
reduced tool life due to the effect of contact with
ultra-hard materials [12, 13]. The application of flood
coolant in hard-milling is not recommended due to the
reasons mentioned above.

MQL is an acronym used to represent a procedure in
which a very small amount of cutting fluid less than 50
ml/h is pulverized in a flow of air directed at the cutting
zone during the machining process [3]. MQL has been
widely applied in the machining processes such as milling,
turning and drilling by its efficiency and environmental
issues. MQL machining has many advantages such as the
improvement of surface roughness [7, 14-16], reduction of
tool wear, enhancement of tool life, decrease in cutting
temperature, and a reduction in lubricant-related costs [7,
14, 16-20]. The benefits of using MQL in comparison to
dry cutting and wet cutting methods have been proved in
many studies. In a study of Dhar, et al. [14], the influence
of MQL on tool wear and surface roughness during
turning AISI-4340 steel was recorded. There was a
significant reduction in tool wear and improvement of
surface roughness by MQL because of a reduction of
temperature in the cutting zone and a favorable change in
the chip-tool and work-tool interaction. In other research,
the effects of MQL using vegetable oil-based cutting fluid
were significant when compared with wet and dry cutting
[16]. A decrease of cutting temperature, a reduction of
tool wear, and a minimum of surface roughness were
presented by using MQL in turning AISI 9310 alloy steel.
Similarly, in another research, Dhar, et al. [17] reported a
reduction of cutting temperature in turning AISI-1040
steel by employing MQL. In the milling process, the
contributions of MQL have been also recorded in many
other studies. In the research of Kang, et al. [18], and
Igbal, et al. [19] the tool life was enhanced by applying
MQL in high-speed end milling. In the milling of Inconel
718 steel [21], Thamizhmanii et al. concluded that surface
roughness obtained by using MQL is improved rather than
by dry cutting. The tool life was higher by 43.75 % by
MQL rather than by dry cutting. In research of Rahman, et
al. [22], a conclusion shown is that the surface roughness
obtained by MQL is equivalent to what was obtained
through wet cutting means. The difference in cutting force
between that of flood cooling and MQL was considered to
be insignificant.

Because of its considerable resistance to thermal
softening, appreciable toughness, high hardenability and
high resistance to abrasion, AISI H13 is used widely in
manufacturing, especially in high-pressure die casting and
extrusion molding, cutting blades, and hot dies. The
hardness of AISI H13 is recommended to be at 40-50
HRC in its application for mold and die manufacturing.
Hence, AISI H13 has been the subject of many types of
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research related to the machining process. Ding, et al. [9]
performed an experimental investigation into the
establishment of two empirical models used for
determining the cutting force and surface roughness in the
hard-milling of AISI H13 steel with carbide-coated tools.
The effect of cutting parameters on cutting forces and
surface roughness was analyzed by using Taguchi method
and ANOVA. The results of research expressed that
depth-of-cut is the main factor affecting surface roughness
and cutting force. In a study by Ozel, et al. [23], an
investigation into the effects of cutting edge geometry,
workpiece-hardness, feed-rate and cutting-speed on
surface roughness and cutting force in the finished
hard-turning of AISI H13 steel was carried out. The
results showed that honed-edge geometry and lower
workpiece surface hardness lead to good surface
roughness. The lower workpiece surface-hardness and
honed-edge geometry lead to lower tangential and radial
forces. Ghani, et al. [24] used Taguchi method to
investigate the effects of cutting parameters on surface
roughness and cutting force in the milling process. The
result showed that high cutting-speed, low feed-rate and
lower depth-of-cut lead to better surface roughness and
lower-cutting force. Similarly, in hard-milling of JIS
SKD61 alloy steel (AISI H13), Nguyen, et al. [25]
concluded that high cutting-speed, low feed-rate, low
depth-of-cut, and low hardness resulted in good surface
roughness.

The application of MQL in hard-milling of AISI H13
steel has not been adequately studied to date. Therefore,
we are motivated to respond to the question of “Why use
MQL cutting?” In this research, an attempt has been made
to demonstrate the efficiency of MQL compared with dry
cutting in the hard-milling of AISI H13 steel. The surface
roughness and cutting force were obtained in a series of
meticulous experiments. The L27 orthogonal array of the
Taguchi method was used for designing the experiment.
The second-order mathematical models for predicting the
surface roughness and the cutting force under MQL and
dry cutting were established by using RSM. The analysis
expressed the outstanding effectiveness of MQL when
compared with dry cutting.

2. Experiment Details

The L27 array of the Taguchi method was applied for
designing the experiment. The input factors are cutting
parameters including cutting-speed (v), feed-rate (f),
depth-of-cut (d) and hardness-of-workpiece (h). The
relationship between cutting parameters and surface
roughness, cutting force was investigated under dry
cutting and MQL cutting conditions. Each parameter has
three levels (represented by 1, 2, and 3). The cutting
parameters were selected within the recommended
settings of the cutting tool manufacture based on
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workpiece material, hardness-of-workpiece, and cutting
tool employed. The variable levels were chosen with
consideration to the tool life, cutting productivity, and
surface roughness. The input factors with levels are shown
in Table 1.

The hard-milling processes of AISI H13 steel were
carried out under two different conditions given as dry
machining and MQL utilizing a Victor V-Center-4
vertical machining center. The ¢10 TiAIN coated-end mill
cutting tools with 4 flutes, rake angle of 12° and helix
angle of 35° were used in the experiments. The Sj-401
surf-test instrument was used to measure the surface
roughness. The cutting force was measured utilizing a
piezo-electric, three-component dynamometer (type XYZ
FORCE SENSOR, model 624-120-5KN) and a System
6000 - Model 6100 scanner. The signal is analyzed by
means of Strain Smart force measurement software. Table
2 shows the information regarding the MQL as it is
applied in the experiment [26]. Each experiment was
repeated five times to eliminate experimental error
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Figure 1.
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occurring. The experimental set-up is illustrated in Figure
1.

Table 1. Cutting parameters with levels
Levels Cutting parameters
v (m/min) f (mm/tooth) d (mm) h (HRC)
1 40 0.01 0.2 40
2 55 0.02 0.4 45
3 70 0.03 0.6 50
Table 2. Information about the MQL process
Items Description
MQL spray Noga - MC 1700
Fluid flow (ml/h) 50
Pressure (kg/cm2) 3
Lubricant Water-soluble oil

| Wi

o 7

- _Ihe!j-dOl surftest

The experimental setup



414

Minimum Quantity Lubricant: A Beneficial Application in Hard-Milling of AISI H13 Steel

Table 3.  Experimental results for surface roughness and cutting force components

Ra-mq|l F-mql Ra-dr F-dr
Exp.No. I I (am) ) () N
1 1 1 1 1 0.151 61.665 0.161 65.189
2 1 1 2 2 0.202 162.458 0.233 167.712
3 1 1 3 3 0.285 248.328 0.329 238.332
4 1 2 1 2 0.181 110.399 0.216 115.756
5 1 2 2 3 0.221 250.773 0.258 245.125
6 1 2 3 1 0.308 276.990 0.362 273.768
7 1 3 1 3 0.251 162.954 0.301 168.613
8 1 3 2 1 0.273 204.039 0.334 205.969
9 1 3 3 2 0.405 345.601 0.496 353.838
10 2 1 1 2 0.142 69.083 0.154 72.451
11 2 1 2 3 0.209 165.953 0.238 171.498
12 2 1 3 1 0.163 180.343 0.19 185.041
13 2 2 1 3 0.239 104.320 0.29 107.281
14 2 2 2 1 0.207 163.487 0.24 163.868
15 2 2 3 2 0.254 235.075 0.303 229.917
16 2 3 1 1 0.229 113.053 0.281 112.017
17 2 3 2 2 0.334 195.425 0.403 200.294
18 2 3 3 3 0.416 330.114 0.522 338.873
19 3 1 1 3 0.107 73.693 0.11 70.479
20 3 1 2 1 0.108 93.885 0.135 97.625
21 3 1 3 2 0.126 155.628 0.133 156.614
22 3 2 1 1 0.164 64.708 0.19 66.573
23 3 2 2 2 0.214 154.926 0.254 150543
24 3 2 3 3 0.326 298575 0.39 305.566
25 3 3 1 2 0.25 95.582 0.299 91.446
26 3 3 2 3 0.39 240.640 0.47 243.467
27 3 3 3 1 0.305 175.715 0.371 181.420

3. Experimental Results and
Discussions

Table 3 shows the results of the experiment, including
the values of the response factors, surface roughness (Ra),
cutting force (F). Ra-mgl and F-mgl, are surface
roughness and cutting force, respectively, under MQL
cutting condition. Ra-dry and F-dry, are surface roughness
and cutting force, respectively, under dry cutting
conditions.

ANOVA, a statistical analysis procedure, was used to
provide an estimate of the experimental data. The direct
and interactive effect of the input factor (cutting-speed,
feed-rate, depth-of-cut, and hardness-of-workpiece) on
surface roughness and cutting force under MQL- and
dry-cutting conditions was analyzed by use of ANOVA.
The second-order models for prediction of surface
roughness and cutting force under both conditions were
established by RSM.

3.1. The Analysis of Variance and the Mathematical
Model of Surface Roughness and Cutting Force
under MQL Condition

The influence of cutting parameters including
cutting-speed (v), feed-rate (f), depth-of-cut (d), and
hardness-of-workpiece (h) on the surface roughness
(Ra-mqgl) and the cutting-force (F-mql) under MQL
conditions was presented by the analysis of variance.

An analysis of the variance of surface roughness under
MQL conditions is shown in Table 4. Based on ANOVA,
feed-rate and depth-of-cut are the two dominant factors
having an influence on surface roughness. These factors
contribute 52.76% and 21.79% in the total variability of
the model, respectively. Otherwise, the effects of
cutting-speed, feed-rate, depth-of-cut and hardness on
surface roughness are statistically significant with P-value
less than 0.05.
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Table 4. The analysis of variance for experimental values under MQL conditions
Source DF Adj SS Adj MS F P Cont. %
ANOVA for Ra-mql, R-Sq = 95.72%
Model 14 0.186438 0.013317 19.18 0.000* 95.72
v 1 0.004576 0.004576 6.59 0.025% 2.35
f 1 0.102756 0.102756 147.97 0.000* 52.76
d 1 0.042438 0.042438 61.11 0.000* 21.79
h 1 0.015961 0.015961 22.98 0.000% 8.19
ANOVA for F-mql, R-Sq = 98.12%
Model 14 169617 12116 44.69 0.000% 98,12
v 1 12269 12269 45.26 0.000*% 71
f 1 23630 23630 87.17 0.000*% 13,67
d 1 107494 107494 396.52 0.000% 62,18
h 1 16288 16288 60.08 0.000*% 9,42
2 Significant

On the other hand, an ANOVA for the cutting force is
also shown in Table 4. The cutting force becomes affected
primarily by the depth-of-cut followed by feed-rate. The
depth-of-cut contributes 62,18% in the total effect of the
factors related to the cutting force. Feed rate’s
contributions are 13,67 % to the total effect of the factors
related to the cutting force. Otherwise, the influences of
input factors as cutting-speed, feed-rate, depth-of-cut, and
hardness on the cutting force are statistically significant
with P-value less than 0.05.

A mathematical model established using the
experiments’ results depicts the relationship found
between the surface roughness and the cutting parameters
under MQL cutting conditions. Using RSM, the roughness
Ra model is shown in the following equation (1):

Ra-mql = 1.28831 - 0.00744864 v - 15.8793 f - 0.0482593
d - 0.0404059 h - 2.93827e-005 VA2 + 65.5556 2 -
0.0194444 d"2 + 0.000302222 h"2 + 0.156148 v*f -

0.00582963 v*d + 0.000196148 v*h + 7.41111 f*d +
0.205778 f*h + 0.0106444 d*h 1)

With a coefficient of determination of the surface
roughness model R-sq of 95.72%, it is high and close to 1,
which is deemed to be desirable. Hence, the coefficient of
determination expresses that the mathematical model is a
suitable model for use in predicting surface roughness
under MQL conditions.

The quadratic mathematical model established using the
experiments’ results is depicted between the cutting force
and the cutting parameters under MQL conditions. Using
RSM, the cutting-force model is shown in the following
equations (2):

F-mgl =1159-7.65v + 912 f + 155 d - 44.8 h + 0.0155
v*v - 135698 f*f - 224 d*d + 0.357 h*h - 51.6 v*f - 4.81
v*d + 0.1591 v*h + 2678 f*d + 220.1 f*h + 13.80 d*h (2)

Respectively, the coefficient of determinations R-sq of
the cutting force model is 98.12%. It is high and close to 1,
which is deemed to be desirable. Hence, the coefficient of
determination expresses that the mathematical model is a
suitable model for the prediction of the cutting-force
under MQL conditions.

3.2. The Analysis of Variance and the Mathematical
Model of Surface Roughness and Cutting Force
under Dry Conditions

The influence of cutting parameters including
cutting-speed (v), feed-rate (f), depth-of-cut (d), and
hardness-of-workpiece (h) on the surface roughness
(Ra-dry) and the cutting-force under dry conditions was
presented by the analysis of variance.

An analysis of variance for surface roughness under dry
conditions is shown in Table 5. Based on an analysis of
variance, feed-rate and depth-of-cut are considered to be
the most influential variables regarding surface roughness.
They contribute 56.14 % and 20.88% to the total effect,
respectively. On the other hand, the influences of input
factors, such as cutting-speed, feed-rate, depth-of-cut, and
hardness-of-workpiece on surface roughness have
statistical significance. The surface roughness is affected
primarily by the feed-rate variable, followed by
depth-of-cut. This finding is similar to the conclusions
given by other authors. In research performed by Ahmet,
et al. [27], llhan, et al. [28], and Kara, F., & Oztiirk, B.
[29] the authors concluded that feed-rate is a major factor
affecting overall surface roughness
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Table 5. The analysis of variance for experimental values under dry conditions
Source DF ‘ Adj SS Adj MS F P Cont.%
ANOVA for Ra-dry, R-Sq = 95.72%
Model 14 0.304884 0.021777 19.18 0.000# 95.72
v 1 0.006347 0.006347 5.59 0.036° 1.99
f 1 0.178802 0.178802 157.46 0.000*° 56.14
d 1 0.066491 0.066491 58.56 0.000° 20.88
h 1 0.023041 0.023041 20.29 0.001° 7.23
ANOVA for F-dry, R-Sq = 97.64%
Model 14 171222 12230 35.50 0.000° 97.64
v 1 12302 12302 35.70 0.000° 7,02
f 1 25013 25013 72.60 0.000° 14,26
d 1 107890 107890 313.13 0.000° 61,53
h 1 16066 16066 46.63 0.000*° 9,16
2 Significant

On the other hand, Table 5 also shows an analysis of
variance for the cutting force (F-dry). Cutting force is
affected principally by the depth-of-cut followed by
feed-rate. Depth-of-cut contributes 61.53% to the total
effect of the factors weighing on cutting force. The
contribution of feed-rate is 14.26% to the total effect of
the factors to the cutting force. Taken from another site,
the influences of input factors, such as cutting-speed,
feed-rate, depth-of-cut, and hardness-of-workpiece have
statistical significance on the cutting force. Two main
effective factors on cutting forces are the depth-of-cut and
the feed-rate (under both MQL and dry conditions). The
result can be explained that an increase in both the
depth-of-cut and feed-rate will lead to an increased
chip-load, thus forming a chip in the shear-zone requiring
a larger amount of energy to be expended. So, the removal
of material in hard-milling is relatively difficult [24]. The
above result is in accordance with conclusions reached by
Ding, et al. [9] and Caliskan, et al. [30]. In their studies,
Ding, et al. and Caliskan, et al. also presented a similar
conclusion stating that the feed-rate and depth-of-cut are
two main factors affecting cutting force during the milling
process.

A mathematical model established using the
experiments’ results depicts the relationship between the
surface roughness and the cutting parameters under dry
cutting conditions. Using RSM, the model is shown in the
following equation (3):

Ra-dry = 1.58318 - 0.00561086 v - 20.44 f - 0.102333 d -
0.0538385 h - 4.93827e - 005 v*2 + 85.5556 2 -
0.0444444 d~2 + 0.000422222 h"2 + 0.172889 v*f -
0.0072 v*d + 0.000204741 v*h + 9.78889 f*d +
0.301333 f*h + 0.0142667 d*h (3)

With a coefficient of determination of the surface
roughness model R-sq of 95.72%, it is high and close to 1,
which is deemed to be desirable. Hence, the coefficient of
determination expresses that the mathematical model is a
suitable model for predicting surface roughness under dry
conditions.

The quadratic mathematical models established using
the experiment results depict the relationship between the
cutting force and the cutting parameters under dry cutting
conditions. Using RSM, the models are shown in the
following equations (4):

F-dry =1219-7.12v- 1767 f+ 73 d - 46.2 h + 0.0088
v*v - 108844 f*f - 221 d*d + 0.363 h*h - 59.6 v*f - 3.88
v*d + 0.1591 v*h + 3933 f*d + 257 f*h+ 13.90 d*h (4)

The coefficient of determinations R-sq of the cutting
force model is 97.64%. It is high and close to 1, which is
deemed to be desirable. Hence, the coefficient of
determination expresses that the mathematical model is a
suitable model for predicting the cutting-force under dry
conditions.

3.3. The Comparative Analysis

Firstly, optimal conditions for surface roughness and
cutting-force under both dry and MQL cutting conditions
were carried out based on the desirability function. As
shown in Figure 2, the cutting-speed of 70 m/min,
feed-rate of 0.01 mm/tooth, the depth-of-cut of 0.2 mm,
and hardness of 40 HRC is the optimal cutting parameters
for both conditions dry and MQL.
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With these optimal cutting parameters, the predicted
minimum surface roughness in the MQL condition
(Ra-mql) is 0.0868 pm, with a desirability value 1.000 as
shown in Figure 2(a); and, the minimum surface
roughness of the dry condition (Ra-dry) is 0.1001 pm,
with a desirability value 1.000 as shown in Figure 2(b). In
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Figure 2. The optimization plot: (a) The optimization for Ra-mql; and, (b) The optimization for Ra-dry
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both dry and MQL-cutting conditions, a cutting condition
including higher cutting-speed, lower feed-rate, lower
depth-of-cut, and lower workpiece-hardness will present
minimum surface roughness. However, the minimum
surface roughness under MQL conditions is considerably
less than it is under dry conditions.
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Figure 3. The optimization plot: (a) The optimization for F-mgl; and, (b) The optimization for F-dry.

Figure 3 shows the optimization plot for the cutting
force. As shown in Figure 3(a), the cutting-speed of 70
m/min, the feed-rate of 0.01 mm/tooth, depth-of-cut of 0.2
mm, and hardness of 40.202 HRC is the optimal cutting
parameters under MQL conditions. In dry conditions
shown in Figure 3(b), the optimal cutting parameters are
70 m/min for the cutting-speed, 0.01 mm/tooth for the
feed-rate, 0.2 mm in the depth-of-cut, and 40.8081 HRC
for workpiece-hardness. With these optimal cutting
parameters, in both dry- and MQL-cutting, a higher
cutting-speed, lower feed-rate, lower depth-of-cut, and
lower workpiece-hardness will present minimum cutting
force.

An increase in the amount of cutting-speed produces a
reduction in surface roughness. This was reported in some
notable research, such as the study by Dureja, et al. [31],
Colak, et al. [32], etc. When machining at low cutting
speeds, the formation of a built-up-edge (BUE) on the
cutting edge of the tool negatively impacts roughness.
Conversely, when machining with higher speeds, the BUE
breaks always from the cutting edge lead to improved
surface roughness [33]. Additionally, when machining at
higher speeds, lower depth-of-cut, and lower feed-rate, the
cutting temperature increases in the shear-zone. The
material becomes softer and the chip formation is
facilitated. Thus, there is an appreciable result in
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improved roughness [34]. The increase of feed-rate is
considered to be the main reason causing an increase in
surface roughness. It is explained that milling at a higher
feed-rate produces deeper and broader furrows on
machined surfaces, as reported by Aouici, et al. [35]. The
increase of surface roughness due to an acceleration of
depth-of-cut and high hardness is clarified inasmuch as
this cutting condition provides a chip load which causes
an increase in cutting force. A rougher surface is produced
by a higher cutting force, as reported by Neto, et al. [36].

Milling with higher speed, lower depth-of-cut, and
lower feed-rate results in a lower cutting force
requirement [24, 37]. It is explainable in that the effect of
increased cutting temperatures causes a thermal softening
of the material to occur. The cutting condition consisting
of decreases in the feed-rate, depth-of-cut, and
workpiece-hardness produces a reduction in the cutting
force required. The reason is due to a reduction in chip
load; thus, there is only a small amount of energy required
to form a chip in the shear- zone. In this way, materials
are removed much easier during the milling process.

The comparison of surface roughness is expressed in
Figure 4(a). As shown in Figure 4(a), the outstanding
effectiveness of MQL when compared to dry cutting was
demonstrated. In all of the experimental results produced,
the measured Ra values of MQL are less than those found
in dry cutting. The improvement of surface roughness in
MQL conditions is clarified so that average auxiliary flank
wear and notch wear on the auxiliary cutting-edge is
obviously reduced under MQL conditions [14, 16, 38].
Moreover, the reduction of surface roughness when
applying MQL is due to a decrease in material transfer on
o the machined surface area [2].

Shown in Figure 4(b) is the comparison of the real
values of the cutting-force. Figure 4(b) shows that the

419

experimental results of cutting force under MQL are
closer to those under dry cutting conditions. Therefore, it
is demonstrated that a decrease of cutting-force as an
effect of increased cutting temperature and thermal
softening of materials under dry conditions and a decrease
of cutting-force as an effect of reduced friction due to the
presence of a lubricant are roughly equal.

Figure 5 shows the variation in cutting-force and
surface roughness with machining times under dry and
MQL conditions and with the same cutting parameters,
including a cutting-speed of 55m/min, feed-rate of 0.02
mm/teeth, depth of 0.6mm, and hardness of 50HRC. As
shown in Figure 5(a), in short machining time, the
cutting-force components obtained in MQL condition are
equal to those in dry cutting. However, with a longer
machining time, the cutting-force components gradually
increase over the duration of the cutting time. The growth
rate of cutting force components during dry cutting is
higher than those of MQL cutting. This is expressed
obviously in the duration of machining time greater than
10 minutes. After more than 10 minutes of cutting time,
the values of cutting-force of dry cutting are higher than
those under MQL conditions. Similarly, as shown in
Figure 5(b), with a longer machining time, the growth rate
of surface roughness under MQL conditions is lower than
with dry cutting. This may be explained by regular tool
wear which causes a change in the optimum geometry of
the cutting tool originally presented by tool producers. As
MQL conditions reduce tool wear, surface roughness and
cutting force also grew at a slower pace. Under dry
conditions, due to more intensive temperature and stress
located at the tool-tips [9], the tool wear deteriorated
drastically when compared to MQL. Therefore,
effectiveness in reducing tool wear of MQL appeared as a
direct result.
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Scatterplot of Ra-mql, Ra-dry vs Number of experiment
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Figure 4. The comparison of roughness (a) and cutting-force (b) under dry and MQL cutting conditions
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Scatterplot of Cutting force vs Maching time
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Figure 5. The comparison of dry and MQL condition in longer machining time

4. Conclusions

This study demonstrated the efficiency of MQL when
compared to dry cutting based on certain process
parameters, such as surface roughness and cutting force
during hard-milling of AISI H13 steel. Furthermore, the
influence of cutting parameters on the cutting force and
the surface roughness under both conditions (MQL and
dry) was analyzed. Based on the results of the present
study, these conclusions may be drawn:

*  Under both of the cutting conditions (MQL and dry),
feed rate and depth-of-cut are the main factors
affecting surface roughness. The feed rate

contributes 52.76% and depth-of-cut contributes
21.79% to the total effect under MQL condition. In
dry cutting, they contribute 56.14% and 20.88% to
the total effect, respectively.

The cutting force is principally affected by
depth-of-cut, followed by the feed rate under both
MQL and dry conditions. The depth-of-cut
contributes 62,18% and the feed rate’s contributions
are 13,67 % to the total effect of the factors related to
the cutting force under MQL condition. In dry
cutting, the depth-of-cut contributes 61.53% and
contribution of feed-rate are 14.26% to the total
effect of the factors to the cutting force.



422

e Under both cutting conditions, higher cutting-speed,
lower feed-rate, lower depth-of-cut, and lower
hardness resulted in good surface roughness and
minimum cutting force.

*  MQL cutting provided better surface roughness and
reduced tool wear. With longer machining times
present, the increase of cutting forces resulting from
tool wear is lowered with MQL than under dry
conditions. Similarly, the growth rate of surface
roughness under MQL conditions is lower than with
the dry cutting method.

e The linear regression models used for predicting
surface roughness and cutting force under dry and
MQL conditions are considered to be statistically
significant in this study.
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