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Abstract. With the development of the industrial sector, the constant necessity to improve
manufacturing processes and reduce production time while delivering higher quality
products calls for engineers and researchers to develop new materials and alloys. This new
material with improved conditions requires testing, analysis and validation of their
properties and characteristics, as well as their performance and machinability. The purpose
of this paper is to analyze and evaluate the active and passive static forces in dry and flood
lubrication-assisted end milling of Toolox® 44 with different cutting conditions. An
experiment using 3-factor Box Behnken design with three controllable cutting parameters
(cutting speed, axial depth of cut, feed per tooth) was used to evaluate their influence on the
measured forces. The analysis of variance showed that a, was the most significant
parameter. Multivariate regression analysis for parameter optimization suggests that for
dry cutting, the lowest active and passive forces are obtain with ve = 90.70 m/min, f, = 0.05
mm/tooth and ap = 0.40 mm. The best results for flood-lubricated milling are obtained with
Ve= 91.51 m/min, f; = 0.05 mm/tooth and ap = 0.46 mm.

Keywords: Toolox® 44, end milling, static force, optimization.
1. INTRODUCTION

With the evolution of the industry, the constant necessity to improve manufacturing
processes and reduce production time while delivering higher quality products calls for
engineers and researchers to develop new materials that can perform equally or better as those
in the market. New materials and alloy are created to meet these specific technical criteria,
such as Toolox® 44. It is a pre-hardened tool steel that presents high cleanliness, fatigue
resistance, dimensional stability, and good machinability (SSAB, 2021). This advanced high-
strength steel (AHSS) is delivered quenched and tempered to 45 HRC, hardness level usually
used in die-casting molds. This property enables the material to maintain stable dimensions
after machined without the necessity to perform heat treatment, thus reducing manufacture
time considerably (HANSSON, 2009). Several machining processes may be used for
processing this material; however, end milling allows the manufacture of complex
geometries of dies and molds. In this process, the tool (milling cutter) moves in one direction
while spinning, thus removing material from the workpiece that is fixed to the machine table
(SOUZA, 2016).



According to Passari (2019), there are independent or controllable input variables that
must be considered in the machining process. Among them are included workpiece material,
tool material, tool geometry, cutting parameters, and machine-tool type. Although the input
variables are independent, after defining the material and shape to be machined, tool
geometry and material, and machine-tool, most of these variables are defined. To make the
process more efficient, the variables that can be changed and have greater adaptability are
the cutting parameters.

The main cutting parameters in end milling are axial depth of cut (ap), radial depth of
cut (ae), cutting speed (vc) and feed per tooth (f,). Each of these parameters influences the
machining process depending on the cutting operation and application. Their different
combinations can result in significant changes in the process (PASSARI, 2019). The
environment in which the operation occurs also influences the final product, especially due
to the temperatures developed in the tool-part interfaces. The cutting operation can be
performed under dry condition or with the aid of lubricooling techniques (SOUZA, 2016).

Souza (2016) also emphasizes that the main output dependent variables of the process
are chip formation, machining force and power, vibration, temperature in the cutting zone,
tool wear and machined surface finish. Among them, the knowledge of machining forces is
important to assess the machinability of the material and the cutting tool life (TOH, 2004),
as well as making it possible take actions that will provide stability to the process, thus
extending both tool and machine lifespans.

This work aims to study the influence of the cutting parameters over the active and
passive static forces in the end milling of Toolox® 44 under dry and wet machining
conditions. The studied parameters will be cutting speed, axial depth of cut, and feed per
tooth.

The analysis of this experiment can serve as ground to confirm the data informed by
the manufacturer, identifying the applicability of the recommended working ranges for the
end milling process and identifying the best cutting combination of the cutting parameters to
obtain the lowest static force values.

2. MATERIALS AND METHODS
Toolox® 44 was the material used for the experiment (SSAB Oxel6sund).
According to the manufacturer inspection certificate, Table 1 presents the chemical

nominal composition of the steel samples used.

Table 1 — Chemical nominal composition of Toolox® 44 (%wrt).

C Cr Mo Mn Si \Y Ni P S
0.32 1.35 0.80 0.80 0.60-1.10 | 0.14 | <1.00 | <0.01 | <0.002
Source: Ribeiro et al. (2021)

The dimensions of the workpiece of Toolox® 44 are 193 mm in length, 53 mm in
height, and 115 mm in width, divided into 16 sections. Out of the 16 sections, 15 were
utilized, leaving the remaining section as a backup. Figure 1 illustrates the test specimen
design of the planned runs and fixation points of the experiment. In order to secure the
material and prevent dislocation caused by vibration of the piece, the workpiece was fixed



by four Allen screws. The cutter was positioned 3 mm from the workpiece before each
run.
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Figure 1 — Test specimen design with dimensions after machining.
Source: adapted from Ribeiro et al. (2021, p.2)

The machining tests were performed using two Walter Tools ADMT10T308R-F56
WKK25S PVD/TiAIN+AI203 coated carbide inserts (r. = 0.8 mm). A new pair of inserts
was used for each run, and the tool run-out was kept under 0,04 mm. Flank wear is lower
than 0,1 mm.

The experiment was performed with a ROMI Discovery 308 machining center,
located at Machining Automation Laboratory at UFRGS (LAUS). This machine-tool has a
maximum spindle speed of 4000 rpm and maximum power of 5.5 kW. All dry-cutting runs
were performed in the same face of the workpiece, with the flood-lubricated runs performed
in the opposite face with Bondmann Quimica B90 oil-free bio-lubricant.

Insert dimensions | Values

| 11.3 mm

12 7.5 mm

s 3.8 mm

a 15°

a2 15°

r 0.8 mm
1.2 mm

Figure 2 — Insert dimensions [Source: adapted from WALTER E.K., 2020]

To obtain the values of the machining force components (F, E,
composed of a Kistler® 9129A piezoelectric dynamometer and a Kistler® 5070A10100A
signal conditioner. The dynamometer is formed by four symmetrically distributed quartz

, E;), a system




crystals that can measure force values at any position on the platform. The signal conditioning
unit amplifies and filters the analog signal received from the dynamometer and converts the
input electrical charge (pC) into electrical voltage (V) proportional to the implemented force
(F). The analog signal is captured by the Measurement Computing® PCIM-DAS 1602/16
data acquisition board at sample rates varying from 2800 to 4700 points per second,
depending on the spindle speed used. All force signals were processed in LabVIEW™9 (.

The cutting conditions used in each run were defined through a Box-Behnken Design
of experiments (BBD). Box-Behnken Design based on the Response Surface Methodology
(RSM). According to Ferreira et al. (2007), this method is based on three-level incomplete
factorial designs. The combination of factors occurs through three levels: low (-1), central
(0) and high (+1). The BBD has some advantages: it is more efficient than the three-level full
factorial designs, and it is useful in avoiding experiments performed under extreme
conditions, for which unsatisfactory results might occur. For a three-variable system, the
number of experiments required is reduced to 12 (combinations of values through the three
levels), with an additional number of 3 experiments with the central point values.

The sequence of the experiment was defined by the BBD, which combined the
significance levels of the input parameters: cutting speed vc [m/min], axial depth of cut
ap [mm], and feed per tooth f, [mm/tooth]. The combinations of these parameters were
randomized with statistical analysis software Minitab®21, resulting in different
configurations of the levels presented in Table 2.

Table 2 — Cutting parameters and significance levels selected for the BBD.

Input parameters Low Central High
Axial depth of cut a,, [mm] 0.4 0.8 1.2
Cutting speed v, [m/min] 60 80 100
Feed per tooth f,[mm/tooth] 0.05 0.075 0.1

3. RESULTS AND DISCUSSION

Table 3 presents the results of active and passive static forces for different
combinations of cutting parameters for both dry and flood conditions. These forces were
calculated from the values of the machining force components (F,, F,, F,) measured with the
Kistler® piezoelectric dynamometer.

The passive force is concentrated in the F, component, while the active force occurs
in the machining plane, according to Eq. (1):

F, = |F*+E/? (1)

The static portion of the active and passive force components corresponds to the
average of their values over a defined period. The sections highlighted on the table are the
midpoints or central point values determined via BBD. They are the only runs of the
experiment whose control variable values are repeated, allowing to evaluate tendencies
during the process. Figure 3 presents the measured active static force values for both dry and
flood milling of Toolox® 44. Error bars for 95% confidence interval correspond to + 1




standard deviation from the mean of the analyzed signal.

Table 3 — Static force portion for each section on dry and flood lubricated conditions.

Static force
Section Control variables Dry Flood
Ve a, [mm] | f;[mm/tooth] | Active Passive Active Passive
[m/min] [N] [N] [N] [N]
1 80 0.4 0.1 98.8 66.4 139.9 106.6
2* 80 0.8 0.075 177.3 60.2 218.3 83.9
3 60 0.8 0.1 215.8 83.6 259.1 91.3
4* 80 0.8 0.075 184.0 64.9 215.6 66.4
5 60 1.2 0.075 277.4 63.06 312.2 83.4
6 100 0.8 0.1 207.1 70.3 253.8 111.4
7 80 1.2 0.05 218.5 51.6 260.7 91.3
8 100 0.4 0.075 76.0 62.60 82.9 90.0
9 100 0.8 0.05 139.7 55.5 155.6 87.8
10 60 0.4 0.075 83.2 575 105.9 81.6
11* 80 0.8 0.075 184.2 58.5 212.3 76.4
12 60 0.8 0.05 148.2 73.4 167 85.7
13 100 1.2 0.075 284.3 123.3 328.7 96.2
14 80 0.4 0.05 71.21 54.7 89.3 80.6
15 80 1.2 0.1 325.5 92.7 375.7 101.8
* Three sections at central significance level of the controllable input parameters.
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Figure 3 — Active force values for dry and flood milling of Toolox® 44.

The active forces observed in the wet are always higher than those observed in dry




machining. A probable cause is the cooling effect of the cutting fluid, that tends to reduce the
material softness caused by the heat produced in the cutting process. According to Dikshit et
al. (2017), the decrease in cutting force components occurs due to highly localized
temperature, stresses and strain rates which decrease the chip thickness and lead to thermal
softening of the workpiece material and greater amount of shear deformation.

Small dispersion was observed for the results obtained by the central points for both
dry and wet machining. Also, the smallest force values were observed in both lubricooling
conditions in runs (1, 8, 10 e 14) machined with the low level of axial depth of cut, a, =
0.4 mm. The highest force values for both dry and flood lubricooling conditions were
obtained in the machining of sample 15. Both depth of cut (a,, = 1.2 mm) and feed per tooth
(f; = 0.1 mm/tooth) for this section have the highest tested levels. Moreover, considering
high active forces for high a,, the values in runs 5 and 13 were similar. In this case, the v,
level was different (low and high levels, respectively), indicating that the cutting speed v,
effect was not important.

The passive static force values are plotted in Figure 4. Error bars for 95% confidence
interval correspond to + 1 standard deviation from the mean of the analyzed signal. Strong
dispersion was observed for the machining of all samples. For central points, passive force
values are lower in dry condition. A considerable increase in passive force can be observed
in the flood lubrication for all conditions, except for section 13, where a higher passive force
is observed for dry condition. In this section the cutting speed is (v, = 100 m/min) and axial
depth of cut is (a, = 1.2 mm), the upper extreme values of the significance level of the
experiment.

180

160
— 140
=z
[} 120
e
[e]
e 100
Q
=
o 80 m Dry
(O]
5 60 H Flood
©
o 40

20

0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Runs

Figure 4 — Passive static force values for dry and flood milling of Toolox® 44.

Ding et al. (2010), in an experiment with AISI H13 steel (in dry condition) that
investigate the effects of cutting parameters on cutting forces, comments that all cutting force
components increase with the increasing of the cutting parameters. The same can be seen
here in runs 13 and 15, but, in this analysis, the highest force values seem to be related to the
upper extreme values of a, when it is combined with another parameter in its maximum



value. It occurs in both scenarios of active force and only in dry scenario of passive force.
Ding et al. (2010) also mentions that cutting forces increase with the increase in feed per
tooth which means that radial depth of cut and axial depth of cut increase due to an increase
in chip load. The author concludes that axial depth of cut, and feed are the two dominant
cutting parameters that influence cutting forces.

3.1 Analysis of Variance — Active Static Force

The analysis of variance (ANOVA) of the data obtained experimentally allowed to
determine the controllable variables that have the greatest influence on the response
variables. For a confidence interval of 95%, p-values smaller than 0.05 indicate a significant
influence of the control variable on the force values. Lower p-values indicate higher
contribution of the control parameter on the result. Table 4 presents the ANOVA results of
Active Static Force values for both lubricooling conditions. The most significant p-values
are highlighted in bold.

Table 4 — ANOVA results for Active Static Force

Active Static Force
Factor Dry Flood
P-value Contribution P-value Contribution
(%) (%)
v, 0.334 0.04 0.38 0.06
a, <0.001 87.32 <0.001 83.73
1, <0.001 10.53 <0.001 14.37
V.2 0.706 0.00 0.139 0.21
ap2 0.903 0.00 0.963 0.00
fzz 0.379 0.04 0.792 0.01
v, X a, 0.284 0.06 0.068 0.35
v, X [, 0.983 0.00 0.736 0.01
a, X f; 0.001 1.82 0.013 0.94
Error 0.20 0.33
R? 99.80% 99.67%

Both machining conditions are highly correlated to the results, with
R? of 99.80% for dry and 99.67% for flood machining. The same variables with the greatest
influence on the results are maintained for both scenarios, with slight differences in the
distribution of their contributions.

The most significant linear effect is depth of cut a,,, with 87.32% for dry and 83.73%
for flood machining, following feed per tooth £, (also linear effect), with 10.53% and 14.37%,
respectively; finally, the influence of the interaction between a,, X f, with 1.82% and 0.94%.

3.2 Analysis of Variance — Passive Static Force



Table 5 presents the ANOVA results of passive static force values in both lubricooling
conditions. The most significant p-values are highlighted in bold.

Table 5 — ANOVA results for Passive Static Force

Passive Static Force
Factor Dry Flood
P-value Contribution P-value Contribution

(%) (%)
U, 0.519 3.00 0.043 12.31
a, 0.129 20.61 0.428 1.27
f, 0.175 15.61 0.010 28.27
V.2 0.325 6.96 0.118 3.45
a,,2 0.569 2.36 0.075 6.21
fzz 0.969 0.01 0.007 32.32
Ve X @y 0.174 15.67 0.717 0.25
v, X [, 0.901 0.11 0.176 4.24
a, X f; 0.438 4.44 0.232 3.15
Error 31.24 8.53

R? 68.76% 91.47%

Unlike active force analysis, the passive force presented a R? of 68.76% for dry
machining, with the error being the highest contribution (31.24%). This may have occurred
due to dry scenario modeling not considering all significant input parameters to better model
passive force behavior. Some intrinsic disturbance to the milling process such as vibration
can have a high influence on error percentage since dry machining occurs in a more unstable
condition.

In flood condition, the value of R? increases to 91.47%, demonstrating that error can
be neutralized by a smoother contact between surfaces. Therefore, it can be considered an
appropriate model to determine the process significant variables. In this case, the relevant
factor is feed per tooth and its quadratic and linear effect (with a contribution of f, =32.32%
e f,2= 28.23%, respectively), followed by the linear effect of cutting speed v,, with a
contribution of 12.31%.

3.3 Contour Surface Plots

Contour plots were generated for central level parameters with the greatest
contribution to the force value in each scenario. For active force a, = 0.8 mm was used
(Figure 5a) and for passive force (Figure 5b) f, = 0.075 mm/tooth was used.
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Figure 5 — Contour surface plots.

Figure 5a demonstrates that for dry machining, active force varies considerably with
small intervals of feed per tooth f,, while in lubricated milling there are no such drastic
variations, which allows for more constant ranges of force values. Cutting speed v,
contribution appears to occur in a more subtle and linear way for dry condition while flood
lubrication presents lower force values for v, extreme values, suggesting a quadratic
behavior.

It can be verified in Figure 5b that in dry condition the value interval of a, < 0.75
mm and v, > 70 m/min shows the lowest values of passive force. However, ANOVA analysis
for this scenario indicates a 31.24% error, which does not allow considering the contour
graph reliable. Flood milling ANOVA with R? of 91.47% in contrast, points out an optimal
range for lowest passive values considering a,, <= 0.90 mm and 60 < v, <= 75 m/min.

3.4 Parameter Optimization

Figures 6 and 7 demonstrate the characteristic curves of each input variable for
passive and active force. Curves superposition behavior is also indicated by marking
optimized input parameters in red vertical lines. Response values prediction is indicated by
a blue horizontal dashed line.
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Figure 6 — Dry condition

For dry machining, the optimized values are the lowest a, e f, significance levels
selected for the BBD and between the central and high values for v,. This last variable is the
one with the most divergent behaviors between active and passive force, reminding that
passive force ANOVA was not shown to be reliable only with these 3 parameters. Active
force ANOVA for dry milling points out a,, as the most relevant parameter, and its curve

presents linear and uniform behavior.

The input variables values that generate the best combination of response variables
are: v, = 90.70 m/min, f, = 0.05 mm/tooth and a,, = 0.40 mm. The projected values for the

response variables are passive force = 38.63 N and average force = 60.55 N.
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For flood milling, optimization by the lowest significance levels selected for the BBD
only occurs at f,. For a,, value is closer to the lowest and for v, it is between central and

highest significance level. The three variables have different behaviors between active and
passive modelling. In passive force ANOVA, f, and its quadratic effect are the most relevant
variables; the quadratic effect is shown by its curve behavior. For active force ANOVA,
a, has the greatest contribution to the result. As in dry machining, it shows a linear and
uniform behavior.

The input variables values that generate the best combination of response variables
are: v, = 91.51 m/min, f, = 0.05 mm/tooth and a,, = 0.46 mm. The projected values for the
response variables are passive force = 71.57 N and active force = 83.55 N.

Ribeiro et al. (2021) studied the influence of the machining parameters on the surface
finish in dry and wet end-milling of Toolox® 44. Aiming to explain the fluctuations observed
for the passive forces, the results of these components were compared with the surface
roughness for each run. The authors identified lower roughness values in dry machining for
most runs. However, the analysis of the roughness profiles showed a more pronounced
waviness in dry cutting. It was not possible to find a clear correlation, but the waviness could
indicate the occurrence of vibrations.

4. CONCLUSION

The Box-Behnken Design of experiments was used for the analysis of the influence
of the cutting parameters on active and passive forces in the end milling of Toolox® 44 steel.
Using analysis of variance (ANOVA) to evaluate active and passive force in dry and flood
milling, some tendencies in force behavior were identified. In both scenarios, the parameter
that has the most significant influence on active force values is the depth of cut a,. However,
ap contribution is more relevant in dry machining, while there is a more representative
influence of the feed per tooth in flood machining.

For passive force, in flood lubrication the contribution of the selected cutting
parameters presented stability for the machining process, culminating in an ANOVA with
relevant variables. In this situation the contact between surfaces is smoother than in the dry
condition, reducing vibrations and the contribution of errors observed in dry machining. Feed
per tooth was the variable with the most significant influence on the passive force, which can
be explained based on the passive force being in the same direction of the tool's rotation axis.

Based on the experimental results, the scenario that seems most suitable for the end
milling of Toolox® 44 steel is flood stat. Although it does not present the lowest force values,
this condition demonstrates more suitable stability, as can be seen in the analysis of its active
force levels. In addition, the ANOVA error percentages in the dry cutting for passive force
do not allow choosing this scenario, presuming that other variables influence the process.
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