2. coHer:-
12th Brazilian Congress of Manufacturing Engineering

Congresso Brasileiro de Engenharia de Fabricagao May 10th-12th, 2023, Brasilia, DF, Brazil

EXPERIMENTAL STUDY OF MICROMILLING OF DIRECTED ENERGY
DEPOSITED H13 TOOL STEEL

&0 Brasileira de Eng e Ciéncias

OABGM

Milla Caroline Gomes
Federal University of Uberlandia, School of Mechanical Engineering, Campus Santa Ménica — Uberlandia — MG, Brazil
millagomes@ufu.br

Méarcio Bacci da Silva
Federal University of Uberlandia, School of Mechanical Engineering, Campus Santa Ménica — Uberlandia — MG, Brazil
mbacci@ufu.br

Wayne NP Hung
Texas A&M University, Engineering Technology & Industrial Distribution Department, College Station, Texas, USA
hung@tamu.edu

Reginaldo Teixeira Coelho
University of Sao Paulo, Sao Carlos School of Engineering, Department of Production Engineering, Sao Carlos — SP, Brazil
rtcoelho@sc.usp.br

Abstract. Parts manufactured by additive manufacturing (AM) processes have rough surface finish and poor dimensional
accuracy, therefore, post-processing must be required. Among the post-processing techniques, micro-milling is popular
because it can enhance surface quality and geometric inaccuracies, while being applicable to a wide variety of additive
manufactured metals. Since machinability of materials manufactured by AM differs from those manufactured
conventionally, this work investigates the micromilling of AISI H13 tool steel manufactured by the laser-beam directed
energy deposition (LDED) process and compares it with the micromilling of the same steel obtained by hot rolling and
annealing heat treatment. Both quality of the machined surface and the cutting force were analyzed to assess the
machinability. The force signals were acquired using a Kistler dynamometer and signal amplifier, together with a
National Instruments acquisition board and a computer with LabView Signal Express software. Roughness of a
micromilled channel was measured using a Taylor Hobson profilometer. Micromilling was performed with the Minitech
micromilling system with a maximum speed of 60,000 rpm. Mitsubishi (Al,Ti)N coated carbide tool, with a cutting
diameter of 400 um and two cutting flutes were used. The cutting parameters included a cutting speed of 12.6 m/min,
feed per tooth of 10 um/tooth, axial depth of cut of 40 um and radial depth of cut equal to 400 um. Longer milling time
caused a reduction of surface roughness Ra and an increase in the cutting force. No statistically significant differences
between the Ra values and the cutting force were obtained for micromilling the hot-rolled versus LDED samples.
However, the wear results of the microtools were compatible with the differences in the hardness of the analyzed samples.
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1. INTRODUCTION

Micromilling is an important micromachining process that has been widely used because it allows the manufacture of
complex geometries with high precision on many materials (Serje et al., 2020). Due to these characteristics, micromilling
has been used as a post-processing technique for materials manufactured by additive manufacturing, precisely because it
can enhance both surface quality and geometric inaccuracies (Salonitis et al., 2016; Gomes et al., 2021).

In micromilling, the dimensions of the cutting tools vary from 1 um to 1000 um (Aramcharoen et al., 2008; Camara
et al., 2012). Rodrigues and Jasinevicius (2017), claimed that in this process, the dimensions involved are on the
micrometric scale and defined the range of some of the process variables that correspond to cutting on a micro-scale. The
values that have been set are:

I.  Uncut chip thickness: 5 um ~ 20 pm;
Il.  Axial depth of cut: 1 um ~ 100 pm;
I1l. Tool edge radius: 1 yum ~ 5 pm.

Therefore, it is noted that there is no consensus regarding the definition of the micromilling process, which is
incomplete when considering only the values of the process variables or the diameter of the microtool. This difficulty is
related to the specific phenomena that occur in micromachining, explained by the size effect. Therefore, it is not an easy



Milla Caroline Gomes, Marcio Bacci da Silva, Wayne NP Hung and Reginaldo Teixeira Coelho
Experimental Study of Micromilling of Directed Energy Deposited H13 Tool Steel

task to establish a limit, from which the presence of the scale effect will have a greater influence (Simoneau et al., 2006).
Thus, it is suggested that the concept to be given regarding micromilling should be a combination of the mentioned
concepts since one would complement others.

The presence of the size effect is characterized by the significant increase in the specific energy, from the reduction
of the uncut chip thickness (Liu and Melkote, 2007). This phenomenon explains the mechanisms that occur in
micromilling, due to scale reduction in relation to macro-scale milling. This effect is present when the uncut chip thickness
becomes comparable to the radius of the cutting edge and the grain of the machined material. Therefore, in micromilling,
the grain size of the material, the uncut chip thickness, and the radius of the cutting edge have a great influence on the
process (Cheng and Huo, 2013).

Additive manufacturing processes are being increasingly used as they enable the manufacture of complex geometries
(Zhai et al., 2014). However, parts manufactured by these processes usually have a low surface finish and dimensional
accuracy. Thus, after manufacturing these parts, they are subjected to post-processing techniques, such as micromilling,
with the aim of improving surface quality and dimensional accuracy (Kumbhar and Mulay, 2018).

Of the additive manufacturing processes, those used in the manufacture of metallic parts are binder jetting (BJ), sheet
lamination (SL), directed energy deposition (DED), and powder bed fusion (PBF) among which the last two are mostly
used (Zhang et al., 2018). The popular DED is developed for different metals, and repairing damaged or worn parts (Yi
etal., 2019).

In general, the machinability of AM metals differs from the same metals manufactured by conventional methods, with
metals obtained by additive manufacturing having lower machinability (Hung and Corliss, 2019). Therefore, it becomes
important to investigate the main differences between micromilling of conventional materials and those manufactured by
additive manufacturing. This work aims to carry out an experimental study to investigate the micromilling of AISI H13
tool steel manufactured by hot rolling and by DED.

2. METHODOLOGY

The workpiece used in carrying out the tests was AISI (American Iron and Steel Institute) H13 tool steel manufactured
by LDED. The H13 tool steel is commonly used for high temperature die and mold as in hot forming or injection molding
(Asnafi, 2021).

The chemical composition in the percentage of the weight of the two analyzed samples is shown in Table 1. The
composition of the hot rolling sample was obtained by the Materials Testing and Analysis Laboratory — LAMAT of
SENAI Itadina, while that of the LDED sample was obtained by EDS using the SEM from Hitachi High-Technologies®,
TM3000. Note that the difference in the amount of carbon is due to the inaccuracy of the SEM system in detecting this
chemical element.

Table 1. Chemical composition of AISI H13 tool steel (LAMAT and EDS).

Chemical composition (wt%)
H13 c Si Mn P S Cr Mo Al Cu Ni \Y
Hot-Rolled 0.380 | 0.910 | 0.300 | 0.010 | 0.005 | 5.090 | 1.270 | 0.010 | 0.080 | 0.310 0.850
LDED 8.155 | 1.128 | 0.431 | 0.081 - 5.286 | 1.049 | 0.019 | 0.004 - 0.745

Table 2 shows the hardness of each analyzed sample.

Table 2. AISI H13 tool steel hardness.

H13 Hardness (HV)
Hot-rolled 204
LDED 513

The micromilling tests, for the manufacture of 10 microchannels in each analyzed 13x12x5 mm sample, were carried
out on a CNC Mini-mill/GX model micromilling machine, manufactured by Minitech Machinery Corporation®, which
has a maximum spindle rotation of 60,000 rpm, 3 axes with a resolution of the positioning of 0.1 um. It was installed on
an inertial table, specially designed to reduce the influence of vibrations from external sources during the tests. All
experiments and measurements were carried out in a controlled environment at 20 °C.

Blaser's Vascomill MMS FA 2 cutting fluid was used in a minimum quantity fluid (MQF) regime at a pressure of
6 bar. The positioning of the fluid nozzle was at an approximate distance of 10 mm from the microtool and inclination of
20°, as can be seen in Figure 1.
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Figure 1. Experimental setup.

The micromilling tools manufactured by Mitsubishi Materials were (Al, Ti)N coated carbide. The tool geometry
included two cutting flutes cutting diameter (DC) of 0.4 mm, cutting length (APMX) of 0.8 mm, diameter (DCON) and
length (LF) of 4 mm and 40 mm, respectively and radius of the cutting edge of 3.4 um. Figure 2 illustrates the microtools
and identification of each geometric parameter. It is important to emphasize that two tools were used to carry out the tests,
one for the hot-rolled sample and another for the LDED sample.
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Figure 2 - Geometric parameters of microtools (Mitsubishi, 2021).

The cutting condition used in the tests is shown in Table 3.

Table 3. Cutting parameters.

Cutting speed (m/min) | Feed per tooth (um/ tooth) Feed rate (mm/min) | Axial depth of cut (um)
12.56 10 100 40

The Taylor Hobson® profilometer, model Form Talysurf Intra, was used to measure the surface roughness. The probe
scanned near center and along a micromilled channel. Three measurements were obtained in different regions of each
microchannel, using a Gaussian filter, cut-off of 0.8 mm, and evaluation length of 4 mm, according to 1SO 4288 (1996).
For analysis, the average of these measurements and the standard deviation were calculated. The parameter analyzed was
the mean arithmetic deviation (Ra).

During the fabrication of each microchannel, the machining force in x-direction was acquired with a data acquisition
system. Therefore, the machining force was acquired in the direction perpendicular to the cutting direction, since the
objective was to analyze the highest value of the cutting force, which corresponds to the peaks of the acquired force,
corresponding to the force obtained in the maximum uncut chip thickness (hcy), as represented in Figure 3. Kistler 9265B
dynamometer with a 9443B mounting plate was used to secure and mounted a machined sample. This dynamometer was
connected to a Kistler 5407 distribution box, which in turn connected to the Kistler 504E load amplifier. From the
amplifier, the signals were sent to the National Instruments NI USB-62211 acquisition board to carry out the conversion
from an analog to a digital signal. Finally, the LabView Signal Express software was used to read the digital signal. Figure
4 shows how this signal acquisition system was assembled.

Feed

Figure 3. Representation of the acquired cutting force.
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Figure 4. Analyzed force acquisition system.

The Kistler 9265B dynamometer was used in this study. Preliminary experiment found insignificant force difference
between this model and that from the mini-dynamometers. The acquired signals were filtered with a low-pass filter of
1000 Hz. This frequency was defined to ensure the presence of 3 times the frequency of tooth passage. In addition, it was
necessary to remove a DC level from the raw signal acquired, so that there would be no statistical difference between the
values of the cutting force obtained by this dynamometer and the mini-dynamometer.

In the analysis of the acquired force, the mean force of the peaks of the signals collected during the machining period
was used, since the peak of the signals of the Fx component corresponds to the highest value of the cutting force for the
maximum uncut chip thickness. Matlab was the software used to process the signals. The acquisition rate was 10 kHz.

To measure the wear of the microtool when machining the last microchannel, the microtools were observed in the
SEM, using the Scanning Electron Microscope (SEM), from Hitachi High-Technologies model TM3000, for analysis and
obtaining images. It is important to emphasize that images of the new microtools were also obtained to verify the existence
of any defects in them. The wear was obtained by analyzing the images of the secondary flank face images (top images)
of the micromills and for its measurement the images of the new microtool were superimposed on the images of the used
ones, using Adobe Photoshop CC software. Then, the wear was measured with Image J software, being established for
each of the two cutting flutes, as the distance between the tip of the new and worn tool cutting edge, as schematized in
Figure 5.

Flute 1

Tool
Wear

200 um

Figure 5. Tool wear measurement (Gomes et al., 2020).
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3. RESULTS AND DISCUSSIONS

Figure 6 presents the average arithmetic deviation values (Ra) for each microchannel manufactured in the analyzed
samples.
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Figure 6. Effect of milling distance on surface finish.

When observing the behavior of the roughness Ra in Figure 6, it is noticed a tendency of reduction with the increase
of the machining length. This reduction in roughness can be observed when comparing the images of the surfaces
machined in the first and last microchannel, as shown in Figure 7. It is noted that the surface of the first channel has much
more evident marks feed per tooth of the micromill compared to the surface of the last channel. This is due to the
geometrical changes of cutting edges of the micromill as it wears out. It is suggested that due to wear, the tool showed
rounding of the nose radii and flattened cutting edges, therefore, reducing surface roughness, as shown in Figure 8 (Santos
et al., 2015; Russell et al., 2022). As shown in Figure 8, the cutting edge radius of new microtools is approximately 3.4
pum, while that of the worn microtools, after machining 130 mm of length, is approximately 9.4 um and 9.0 um for the
hot-rolled and LDED samples, respectively. Since the values of the cutting edge radius(r.) are close to the feed per tooth
(f, = 10 um/tooth) and the ratio f,/r. is slightly greater than 1, then it is postulated that shear mechanism rather than
plowing is the dominant mechanism. In this case, the surface roughness decreases as the f,/r. ratio decreases up to a length
of 130 mm, as occurs in conventional machining processes on a macro scale. The values of f; and r. close for the last
machined length indicate that after this length (130 mm) the roughness values would increase with each manufactured
microchannel, as observed by Krishnan and Mathew (2020), since from this length the ratio f./r. would be less than 1,
being the presence of plowing dominant, leading to the formation of a machined surface with a worse finish.

The differences of feed marks in each analyzed sample can be observed. In the hot-rolled material, the feed marks on
first channel (Figure 7 a) and side burrs are more visible than those after 130 mm of the last channel (Figure 7b). Similar
trends are seen for the LDED samples (Figure 7 c-d). A tool with higher wear burnishes on the on harder LDED surface
and reduces the surface roughness.
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Figure 7. Micromachined surface of (a) first channel and (b) last channel of hot-rolled sample and micromachined
surface of (c) first channel and (d) last channel of LDED sample.
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Figure 8. Comparison of (a) new microtool and (b) after machining the last microchannel for the hot-rolled sample and
(c) new microtool and (d) after machining the last microchannel for the LDED sample.

Tool wear for both cutting flutes are compared in Figure 9. The measurement confirms that the wear of the microtool
was greater when micromachining the LDED sample due to its higher hardness. Therefore, this result agrees with the
hardness property of the analyzed samples in Table 2.
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Figure 9. Wear on each flute of the microtool after machining the last channel (after 130 mm milling distance) of the
samples manufactured by hot rolling and LDED.

In addition, it can be seen in Figure 6 that small values were found for Ra, ranging from 0.0962 um to 0.2775 um,
and these values are even smaller than the roughness range determined by Diniz, Marcondes, and Copinni (2010) for
grinding processes, which varies from 0.2 um to 1.6 um. Although lower surface finish is obtained due to smearing and
rubbing of worn tools on the machined surface, high residual stress and plastically deformed grains are expected in the
subsurface.

Regarding the Ra values for the two analyzed samples, Figure 6, it is noted that there are no statistical differences
between the values obtained for hot-rolled and LDED samples as shown with the overlapping of standard deviations
associated with each measurement. This behavior differs only for the machined lengths of 13 mm and 117 mm, requiring
further investigations, to better understand this result. This result is in line with that obtained by Gongalves (2022) when
performing the micromilling of titanium alloy Ti-6Al-4V manufactured by selective laser melting (SLM) and by Gomes
(2022) in the micromilling of stainless steel 316L manufactured by LDED. However, in some studies carried out, such as
by Hojati et al. (2020) who evaluated the micromilling of titanium alloy Ti-6Al-4V manufactured by electron beam
melting (EBM), the authors observed that the roughness of the sample manufactured by additive manufacturing is lower
than the roughness of the sample manufactured conventionally. The explanation for this result is related to the hardness
of the sample, with the roughness of the sample manufactured by additive manufacturing being lower due to its greater
hardness compared to the conventional sample. According to these authors, as the hardness of the sample manufactured
by the additive manufacturing is greater, that is, the more brittle characteristics of these samples, will mean that during
chip formation a smaller amount of material will be pressed material through the ploughing, therefore, a thinner surface
will be obtained.

Figure 10 shows the cutting force as a function of the machined length for both samples. It is observed in Figure 10 a
tendency to increase the cutting force with the machining length. This occurs due to the wear of the microtool increasing
with each machined microchannel (Machado et al., 2011), as can be seen in Figure 8. It is also noted that the standard
deviation of the cutting force for the two samples coincide, demonstrating that there are no statistical differences between
the values obtained. This result is in line with that found by Gongalves (2022) when micromilling the titanium alloy Ti-
6Al-4V manufactured by selective laser melting (SLM) and by Gomes (2022) in the micromilling of stainless steel 316L
manufactured by LDED. However, this behavior differs from that obtained by Oliveira Campos et al. (2020), who
analyzed the micromilling of the SLM’ed Ti-6Al-4V alloy and observed that the cutting force was greater for the samples
manufactured conventionally, even with lower hardness. In another study by Montevecchi et al. (2016), the authors
concluded that milling H13 steel manufactured by Laser-Engineered-Net-Shaping (LENS) and Wire-Arc-Additive-
Manufacturing (WAAM) resulted in an increase in the cutting forces for both samples manufactured by additive
manufacturing, due to the greater hardness of these materials. Perhaps such contradicting results were due to different
tooling and process parameters in respected studies.
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Figure 10. Effect of milling distance on cutting force.
4. CONCLUSIONS
Micromilling of H13 tool steel fabricated by hot-rolled and LDED routes was investigated. The study showed:

i.  The surface finish of micromilled channels Ra tended to decrease with increasing machining length. This
occurred due tool wear that increased the cutting edge radius of the microtool that reached the value of the
feed per tooth, with the cutting being dominated by shear mechanism.

ii.  Rubbing of worn out tools produced low submicron surface finish Ra, but may result in plastically deformed
subsurface grains and high residual stresses.

iii.  The measured cutting force increaseed with the machining length, due to the increasing tool wear.

iv.  There were no statistical differences between the Ra values and the cutting force obtained for the machined
samples. However, the tool wears were 15-17 um after milling hot-rolled sample, and 25-26um after milling
the LDED sample. The increase of tool wear was due to increase of corresponding harness 204 VHN of hot-
rolled material comparing to 513 VHN of LDED material.

v. In future work, the relationship between cutting force and wear and surface roughness will continue to be
investigated through statistical analysis using an analysis of variance.
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