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Abstract
The study of micromilling of quenched and tempered AISI D2 steel is of utmost importance due to the accelerated wear 
of the micromilling cutting tool edge that intensifies the formation of top burrs, which is detrimental to the micromilled 
surfaces because it requires further surface finishing. In this work, the effect of tooth feed per tooth and axial depth of cut 
on machining forces and top burr formation after dry micromilling of slots in quenched and tempered AISI D2 steel was 
evaluated. The results show that the passive force is approximately 32% higher than the radial and feed forces. Regard-
ing burr formation, axial depth of cut was the most relevant parameter. Doubling axial depth of cut burr height increased 
by approximately 400%. Increasing feed per tooth reduces burr formation. The down cutting direction presented top burr 
heights approximately 23% higher when compared with up cutting. Attrition was the predominant tool wear mechanisms. 
Tool wear increases progressively with machining length raising the micromilling force components, which leads to round-
ing and increasing the radius of the cutting edge. Consequently, a negative rake angle is generated, inducing size effect and 
intensifying the material plowing mechanism.
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1  Introduction

The technological development of some industrial sectors 
drives the increasing demand for compact and integrated 
products in the form of miniatures, such as electronics, heat 
exchangers, sensors, and actuators [1–4]. In the production 

of microcomponents, the use of micro-dies is widespread, 
with micromilling being the most commonly used technique, 
along with the use of coated tungsten carbide micro-endmills 
and AISI D2 steel being the main work materials employed 
[5]. Micromilling is a relevant technique for producing 
micro-dies and machining of die corners, as larger end mills 
cannot operate in these areas due to their limited capacity to 
work with small dimensions. With higher precision and con-
trol, micro-endmills have the ability to reach narrow corners 
and produce high-quality finishes [6].

Micromilling is justified in machining corners of D2 steel 
dies where larger end mills cannot perform milling due to 
their ability to machine components with reduced dimen-
sions and intricate details. With greater precision and con-
trol, micro-endmills can access narrow corners and produce 
high-quality finishes.

AISI D2 tool steel belongs to group D for cold work-
ing. This material is commonly subjected to quenching and 
tempering, thus resulting in a microstructure composed of 
martensite, retained austenite, and carbides, which ensures 
high hardness and wear resistance which is attributed to the 
presence of chromium carbides in the microstructure of the 
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material [7]. For these reasons, this material is widely used 
for the production of dies and molds [8, 9]. In this context, 
machining hardened AISI D2 steel can lead to severe wear 
of the cutting tool and to its premature fracture.

The most important aspect that characterizes microma-
chining is the size effect that influences the cutting mecha-
nisms and changes the micromilling forces, machined sur-
face roughness, and the energy consumed during chip and 
burr formation. Burr formation in micromilling is inevita-
ble, and the causes are commonly related to the cutting tool 
geometry, cutting speed, feed per tooth, axial depth of cut, 
and workpiece material [10, 11]. In addition to that, dynamic 
factors such as cutting tool wear, vibration, tool eccentricity, 
temperature variation, and the effect of applying fluids with 
cooling/lubricating action also contribute to changes in burr 
formation [12]. Generally, burrs are removed after machin-
ing. However, their removal cannot always be performed 
due to accuracy requirements for the microcomponent, since 
deburring can induce residual stresses and dimensional 
changes that affect its functionality [9]. Therefore, strategies 
must be devised during micromilling to reduce burr forma-
tion. This approach is more suitable in terms of machining 
costs and time.

To determine the best strategy to be adopted, substantial 
knowledge regarding the influence of cutting parameters on 
micromilling and the metallurgical nature of the material is 
required, since burr formation is strongly influenced by these 
factors. Bajpai et al. [13] and Biermann et al. [14] noted 
that micromilling performed at lower feed per tooth leads to 
increased burr height due to the smaller ratio of the tool edge 
radius to the undeformed chip thickness, which intensifies 
the plowing mechanism. The authors also stated that burr 
formation during micromilling can be in terms of ductil-
ity, crystallographic orientation, and grain size of the work 
material. Bajpai et al. [3] and Chen et al. [15] stated that the 
axial depth of cut was the only parameter that significantly 
affected burr width and that the burr volume formed during 
up micromilling is usually smaller than that formed when 
down micromilling.

In micromilling, it is usual to monitor tool wear through 
direct or indirect measurement techniques. Direct meth-
ods involve obtaining specific variable values directly and 
observing dimensional changes in the tool and/or work-
piece [16]. In the context of micromilling, scanning electron 
microscopy (SEM) is widely used to identify visual signs 
of wear, such as flank wear, cutting edge wear, and burr 
formation. Additionally, SEM allows for the verification of 
tool dimensions, such as length, diameter, and angles, to 
identify wear-induced alterations [17]. On the other hand, 
indirect methods rely on empirical relationships, such as 
machining force, noise generated during micromilling 
operations, vibration, temperature, and acoustic emission 
signals, to determine the actual tool wear [18]. Profilometry 

is a technique employed to measure machined surface rough-
ness and the presence of burrs resulting from micromilling, 
providing indirect indications of wear [19].

For the proper selection of micromilling parameters that 
minimize burr formation and result in better product qual-
ity, it is of utmost importance to understand the tribological 
effects of micromilling that lead to intrinsic wear of the cut-
ting edge and, mainly, the relationship between wear mecha-
nisms and burr formation. Burr dimensions increase as tool 
wear progresses [20], generating instability during cutting 
and impairing the surface integrity of microcomponent. Wu 
et al. [21] and Biermann et al. [22] reported that radius of 
the cutting edge increased with tool wear during micromill-
ing, which, in turn, increased the rake angle and intensified 
the plowing mechanism. As a consequence, burr formation 
increased. Weule, Huntrup, and Tritschler [23] assert that 
micromilling of materials with higher hardness, as is the 
case with quenched and tempered AISI D2 steel, results in 
increased burr height and that this fact is mainly associated 
to higher tool wear rates. Pratap et al. [24] concluded that 
the higher micromilling forces result mainly from cutting 
edge wear. In this case, the increase in machining force is 
due to the plowing mechanism, which occurs when the feed 
per tooth is smaller than the minimum cutting thickness and 
leads to an increase in the passive force as a consequence of 
the size effect [25, 26].

Gao et al. [27] analyzed the wear of a cutter using SEM, 
based on the change in tool diameter, while investigating 
micromilling of a single-crystal nickel-based superalloy 
DD98 using 600-μ m-diameter cemented carbide micro-
milling cutters. The tool was measured after the tests, and 
the influence of the cutting parameters was assessed. As the 
cutting speed, feed rate, and axial depth of cut increased, 
the wear mechanism and changes in the shape of the cut-
ting tools became increasingly evident. Similar studies were 
conducted by Ziberov et al. [28] and Sorgato et al. [17], who 
used a similar method to measure wear in micromilling cut-
ters during the machining of Ti-6Al-4 V titanium alloy and 
Inconel 718 nickel alloy, respectively.

Gomes et  al. [16] analyzed the wear of the 400-μ m 
carbide micro-endmill cutter during the micromilling of 
austenitic stainless steel AISI 316L using a support vec-
tor machine (SVM) model. The study presented a novel 
approach to monitor the cutter wear in micromilling opera-
tion by employing an artificial intelligence model to com-
bine vibration and sound signals and learn a pattern for 
determining tool wear. The results showed that the SVM 
model was effective in determining the wear condition with 
an accuracy of up to 97.54%.

The novelty of this study lies in the investigation of the 
top burr height using the reduced peak height (Spk param-
eter) obtained from the Abbott-Firestone curve and its corre-
lation with tool wear during micromilling of hardened AISI 
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D2 steel. The tribological phenomena involved in micromill-
ing can lead to the deterioration of the surface integrity of 
the produced microcomponents, as well as severe tool wear 
or premature tool failure, making the study of micromilling 
of AISI D2 steel particularly relevant. Therefore, the main 

goal of this work is to investigate the effect of varying feed 
per tooth (3 and 6 μ m/tooth), axial depth of cut (20 and 40 μ 
m), and micromilling direction on burr formation when dry 
micromilling slots in quenched and tempered AISI D2 steel 
with an average hardness of 620 HV (57 ± 1 HRC). Further-
more, cutting tool wear and its influence on burr formation 
are investigated.

2 � Materials and methods

Quenched and tempered AISI D2 steel with hardness of 620 
± 6 HV and dimensions 38 × 38 × 12 mm is the work mate-
rial used in the micromilling tests. The chemical composi-
tion is presented in Table 1, and Fig. 1 shows the microstruc-
ture of the work material, composed of chromium carbides 
distributed in a martensitic matrix. The tempering process 
in AISI D2 induces the precipitation of carbides (mainly M

7
 

C
3
 ) due to the high carbon content and content of alloying 

elements and since chromium content is high [29].
Micromilling tests were performed using TiNAl-coated 

carbide flat micro-endmills with two flutes, diameter of 500 
μm , and helix angle of 30 (Fig. 2a). The bottom view of the 
micro-endmill is shown in Fig. 2b and a detail of the sec-
ondary cutting edge highlighting the edge radius (�) , with a 
value of approximately 2.97 mμ , is shown in Fig. 2c. Tool 
images were obtained with a Jeol JSM-IT300 SEM, and an 

Table 1   Chemical composition (wt.% ) of AISI D2 steel [30]

Fe C Si Cr Mo V

Balance 1.40–1.60 0.60 max 11.00–13.00 0.70–1.20 1.10 max

Fig. 1   Microstructure of quenched and tempered AISI D2 steel

Fig. 2   Tool used in micromill-
ing tests: a micro-endmill with 
a diameter of 500 μ m, b bottom 
view, and (c) detail of the cut-
ting edge radius

5329



The International Journal of Advanced Manufacturing Technology (2023) 127:5327–5341 

1 3

Oxford Instruments X-MaxN EDS was used to perform EDS 
analyses on the clearance and rake faces of fresh and worn 
micro-endmills.

Micromilling tests were performed on a three-axis machin-
ing center, and the rotational movement of the micro-endmill 
was produced by a 650BT40 pneumatic turbine with power 
of 0.66 kW, maximum speed of 40,000 rpm, and working 
pressure of 6.2 bar. The micromilling force components were 
measured with a Kistler 9972 piezoelectric dynamometer con-
nected to a Kistler 5073 signal amplifier and National Instru-
ments 6366 data acquisition board (acquisition rate 25 kHz). 
Fx represents the micromilling force component perpendicular 
to the feed direction, Fy is the force component in the feed 
direction, and Fz is the axial (passive) force component. The 
experimental setup is shown in Fig. 3.

The selection of the machining parameters for the micro-
milling tests was based on the model proposed by Son et al. 
[31], which defines a minimum cutting thickness 

(

tm
)

 , thus 
allowing to minimize the size effect and reduce the action of 
the plowing mechanism. Such a model considers the minimum 
cutting thickness 

(

tm
)

 as a function of the cutting tool edge 
radius (�) and the friction angle (�) , as presented in Eq. 1.

where � is friction angle between chip and tool rake face 
or the friction angle between workpiece material and tool 
clearance face, and therefore, is calculated as a function of 
the coefficient of friction (�) , according to Eq. 2.

(1)tm = �

[

1 −

(

cos
�

4
−

�

2

)]

The coefficient of friction was obtained through pin-on-
disk tests performed on a Micro Photonics MT 60 tribom-
eter, following ASTM G99-05 standard [32]. The coefficient 
of friction in machining is difficult to characterize due to the 
regions of adhesion and sliding in the chip-tool interface, 
which are affected by various factors such as material prop-
erties, machining conditions, tool geometry, and tempera-
ture [33]. Although the friction coefficient values obtained 
through this method may not be entirely representative of the 
machining conditions, it is commonly used to determine the 
critical cutting thickness through Eq. 2 [34].

The pin-on-disk tests were performed with TiNAl-coated 
carbide pins sliding against tempered and quenched AISI 
D2 steel disks with a normal load of 4 N. The test param-
eters employed were wear track diameter of 48 mm, sliding 
distance of 1000 m, test duration time of 180 min, and slid-
ing speed equivalent to the cutting speed used in the micro-
milling tests (62.83 m/min). The results of the coefficient 
of friction versus sliding distance are shown in Fig. 4. The 
friction coefficients obtained under steady conditions (after 
1000 m sliding distance) present an average value of 0.74 
± 0.05. Blau [35] reports that the friction behavior curve is 
divided between running-in and the stationary regime (sta-
ble phase). Two bodies in contact under load and relative 
motion between them can induce changes on the surfaces 
that are detectable by the change in friction. In the initial 
phase of friction (running-in), contact occurs between the 
pin and the roughness peaks of the disk, which will undergo 
accelerated wear (emphasizing that the disk is designed so 

(2)� = arctan�

Fig. 3   Experimental configuration of micromilling tests
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that wear is concentrated on it), generating a progressive 
increase in the coefficient of friction. After the running-in 
period, there is a geometric accommodation of the pin-
disk pair in which the average friction coefficient tends to 
remain relatively constant (steady state). From the values 
of the average coefficient of friction obtained empirically 
and considering a cutting edge with an average radius of 
� = 2.97μm , the minimum thickness of the material cut, cal-
culated by Eq. 1, was approximately 1.72 μm . The feed per 
tooth must be higher than the minimum cutting thickness, 
because, as previously mentioned, it reduces the size effect 
and the plowing mechanism.

Based on the model proposed by Son et al. [31], see 
Eq. (1), it was possible to determine the minimum cutting 
thickness 

(

tm
)

 , used as a reference for the determination of 
the feed per tooth 

(

fz
)

 employed in the micromilling tests. It 
is noteworthy that a feed per tooth lower than the minimum 
cutting thickness 

(

tm
)

 induces the size effect and intensifies 
the plowing mechanism, leading to intense burr formation. 
Table 2 presents the parameters used in the micromilling 
tests.

Tool wear tests were performed with the parameters 
shown in Table 3 and using catastrophic failure as tool life 
criterion. The cutting parameters used in the wear tests were 
based on the machining conditions recommended by the cut-
ting tool manufacturer.

The height and volume of top burrs were assessed using a 
Hommelwerk T8000 contact profilometer (Fig. 5a). For the 
top burr height measurements, five planes perpendicular to 
the tool feed direction were obtained (Fig. 5b), thus enabling 
the extraction of five profiles of the micromilled slots, as 
illustrated in Fig. 5c. The Abbott-Firestone curve was used 
to measure burr volume (Fig. 5d). The reduced peak height 
(Spk) parameter was used, which refers to the height of the 

peaks above the surface, from which the volume of the top 
burrs was obtained. The height of the top burrs was con-
sidered to be the distance from the surface of the sample to 
the highest peak present along the extracted plane (Fig. 5e). 
The method used to evaluate the height and volume of the 
top burr was based on the works of Malayath et al. [36] and 
Medeossi et al. [37]. The top burrs were evaluated on the 
left and right edges of the micromilled slots. Since micro-
milling of slots shows evidence that the burrs on each edge 
have different dimensions [38, 39], the parameters which 
characterize the burrs were evaluated in terms of the up and 
down micromilling cutting directions.

SEM analyses were also employed to evaluate micromill-
ing tool wear mechanisms and to perform the characteriza-
tion of the top burr width. Ultrasonic cleaning was necessary 
to obtain a better visualization of the tool wear region due 
to the presence of contaminants on the micromill surface. 
Acetone was used for ultrasonic cleaning of the tool in a 
Branson 1800 equipment. The measurement of the width of 
the top burrs formed by up and down micromilling cutting 
directions was performed in the SEM. For this purpose, 10 
measurements were performed and the average value and 
standard deviation were calculated for each micromilling 
condition. Figure 6 represents the method used for measur-
ing the burr width (W).

3 � Results and discussion

3.1 � Micromilling force components

The micromilling force components Fx , Fy , and Fz obtained for 
387 mm micromilling length are shown in Fig. 7. Considering 

Fig. 4   Coefficient of friction versus sliding distance

Table 2   Micromilling parameters

Parameter Values

Feed per tooth, fz (μm∕tooth) 3 and 6
Axial depth of cut, ap (μm) 20 and 40
Micromilling direction Up and down
Cutting speed, vc (m/min) 62.83
Micromilling length (mm) 387
Length per slot (mm) 9

Table 3   Micromilling parameters used in the tool life tests

Parameter Values

Feed per tooth, fz (μm∕tooth) 13.2
Axial depth of cut, ap (μm) 17
Cutting speed, vc (m/min) 62.83
Length per slot (mm) 9
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Fig. 5   Profilometry of the sam-
ples: a scanning of the micro-
machined sample; b planes 
perpendicular to the feed direc-
tion to extract the slots profiles; 
c measurement of the top burr 
height; d Abott-Firestone curve; 
e top burrs obtained for the cal-
culation of the top burr volume

Fig. 6   Measurement of the 
width of the top burrs for the up 
and down micromilling cutting 
direction
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the influence of feed per tooth 
(

fz
)

 and axial depth of cut 
(

ap
)

 
on the Fx component, it can be noticed that increasing feed 
per tooth from 3 to 6 μm∕tooth does not cause a significant 
difference when the axial depth of cut is kept constant. The 
Fx component only increased when ap increased from 20 to 
40 mμ for the same fz . This behavior can be explained by the 
increase in the volume of material removed with the increase 
in the axial depth of cut. Similar results were reported by 
Ucun et al. [40]. The machining component Fy showed simi-
lar behavior to that found in Fx , i.e., only axial depth of cut 
presented a significant effect on the force intensity. For all 
machining conditions tested, the micromilling component Fz 
achieved the highest values compared with the Fx and Fy com-
ponents, corresponding to a force increase of approximately 
31% and 32%, respectively. This fact is related to the wear of 
the cutting edge of the tool during micromilling of the slots. 
Rounding the cutting edge changes the fz∕� ratio (ratio of the 
feed per tooth to the edge radius) and the chip thickness, which 
explains the increase of Fz , since the rounding of the cutting 
edge will produce chips with thinner thicknesses (size effect) 
and intensification of the plowing mechanism. This generates 
a higher resistance to tool movement, thus increasing the pas-
sive cutting force. Similar behavior was observed by Gao et al. 
[41], who reported that increased tool wear altered the tool 
rake angle, tending to make it negative and which significantly 
affected the Fz component of the micromilling force.

3.2 � Influence of micromilling parameters 
on the formation of top burrs

Figure 8 shows the top burrs formed in the up and down cut-
ting directions and Table 4 presents the results of analysis of 

variance (ANOVA) for top burr height considering micro-
milling direction, fz and ap at a confidence level of 95%. It 
can be seen that ap , fz ∗ ap interaction, fz and micromill-
ing direction (Md), in this order, significantly affected the 
top burr height. The R2 value obtained in this study indi-
cates that approximately 93% of the top burr height can be 
explained by the statistical model adopted.

The most relevant factor to the increase in burr height is 
axial depth of cut 

(

ap
)

 . By doubling ap , burr height increased 
approximately 400%. This fact is related to the higher vol-
ume of material removed, which requires higher micromill-
ing forces to remove the chip by shear, leading to wear of 
the cutting edge and resulting in a more negative rake angle. 
As a consequence, plowing becomes more intense, possi-
bly resulting in incomplete chip flow and, therefore, higher 
amounts of burrs. These findings agree with those reported 
by [42]. Feed per tooth also contributes to a change in burr 
height. By doubling fz , the burr height is reduced by approx-
imately 26%. Increasing fz positively affects burr formation, 
as its increase minimizes the deleterious effect of the mate-
rial plowing. Down micromilling promoted a top burr height 
approximately 23% higher in relation to up cutting direction, 
corroborating Aramcharoen and Mativenga [43]. The eleva-
tion of top burr height observed when down cutting may be 
related to the larger volume of plastically deformed mate-
rial generated ahead of the cutting edge, when displaced to 
the edge of the slot, breaks through fracture in the upper 
part of the slot, keeping a portion of material attached to 
the workpiece [44]. Figure 9 shows the behavior of the top 
burr height with micromilling length and variations on the 
parameters fz and ap.

From Fig. 9a to d, it can be observed that down micro-
milling generally showed the highest burr height compared 
to up micromilling. There is also a transition in the behavior 
of the burr height for the down and up micromilling cutting 
directions starting from a machining length of 200 mm, sug-
gesting that the wear of the micro-endmill may have influ-
enced the higher burr height values. However, this behav-
ior was not observed in Fig. 9d, where down micromilling 
showed a tendency of increasing burr heights while for up 
micromilling it remained constant. This result suggests that 
due to the oscillatory behavior of the burr height, it was not 
possible to observe any difference in height after a machin-
ing length of 387 mm. A similar behavior was observed in 
Fig. 9a, where the burr height increased and decreased as 
a function of the machining length. Thus, it is suggested 
that for a longer machining length, it would be possible to 
observe a difference in burr height for the up micromilling 
(Fig. 9d). A similar behavior was observed by [45].

The top burr height distributions (burr height/mm2) are 
presented in histograms obtained by means of the contact 
profilometer (Fig. 10). Peak count distribution histograms 
indicate the number of burrs (areas corresponding to top 

Fig. 7   Radial 
(

Fx

)

 , feed 
(

Fy

)

 , and passive 
(

Fz

)

 components of the 
micromilling force
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burrs) that are situated above the machining plane, i.e., the 
number of top burrs per unit area.

For micromilling performed with fz = 3 μm∕tooth and 
ap = 20 μm (Fig. 10a), a burr height ranging between 10 and 
60 μm was observed, with a burr distribution of 2.50 burrs/
mm2 for a height of 42 mμ . In contrast, fz = 6 μm∕tooth and 
ap = 20 μm (Fig. 10b) exhibited a burr height between 30 
and 100 mμ , together with a distribution of 4.46 burrs/mm2 
for a height of 36.86 μm . Comparing Fig. 10a and b, the burr 
heights remained similar. However, with increased feed per 

tooth, a larger quantity of burrs/mm2 was formed, indicating 
a higher volume of chips generated during micromilling. 
This phenomenon is a direct result of the higher feed per 
tooth, leading to a higher material removal rate and subse-
quently larger volumes of burrs. Figure 10c shows that a burr 
height ranging between 70 and 180 mμ was observed, with a 
burr distribution of 2.30 burrs/mm2 for a height of 130 μm . 
In Fig. 10d, the burr height ranged from 50 to 160 mμ , with 
a burr distribution of 4.30 burrs/mm2 for a height of 88 mμ . 
The machining condition with fz = 3 μm∕tooth and ap = 40 

Fig. 8   Top burrs for up and 
down cutting directions with 
distinct fz and ap values

Table 4   Analysis of variance 
(ANOVA) for top burr height

Source DF Seq SS Contribution Adj SS Adj MS P-value

Model 7 96,095 93.04% 96,094.8 13,727.8 0.000
Linear 3 89,978 87.11% 89,978.2 29,992.7 0.000
ap(μm) 1 81,225 78.64% 81,225.2 81,225.2 0.000
fz(μm∕tooth) 1 5038 4.88% 5037.8 5037.8 0.000
Md 1 3715 3.60% 3715.3 3715.3 0.000
2-way interactions 3 6115 5.92% 6115.3 2038.4 0.000
fz ∗ ap 1 5455 5.28% 5454.6 5454.6 0.000
ap ∗ Md 1 660 0.64% 660.2 660.2 0.096
fz ∗ Md 1 1 0.00% 0.6 0.6 0.959
3-way interactions 1 1 0.00% 1.3 1.3 0.941
fz ∗ a

p
∗ Md 1 1 0.00% 1.3 1.3 0.941

Error 32 7193 6.96% 7192.9 224.8
Total 39 103,288 100.00%
Model summary
S R2 R2 (adj.) R2 (pred)
14.9926 93.04% 91.51% 89.12%
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Fig. 9   Top burr height in up 
and down direction for a fz = 3 
μm∕tooth and ap = 20 μ m, b 
fz = 6 μm∕tooth and ap = 20 
μ m, c fz = 3 μm∕tooth and 
ap = 40 μm , and d fz = 6 
μm∕tooth and ap = 40 μm

Fig. 10   Top burr height his-
togram for a fz = 3 μm∕tooth 
and ap = 20 μm , b fz = 6 
μm∕tooth and ap = 20 μm , c 
fz = 3 μm∕tooth and ap = 40 
μm , and d fz = 6 μm∕tooth and 
ap = 40 μm
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μm resulted in increased burr height compared to fz = 6 
μm∕tooth and ap = 40 μm . However, the fz = 3 μm∕tooth 
and ap = 40 μm condition presented lower burrs/mm2 com-
pared to fz = 6 μm∕tooth and ap = 40 μm . In other words, 
the fz = 3 μm∕tooth and ap = 40 μ m condition produced 
increased burr height but in a reduced quantity burrs/mm2 
compared to the fz = 6 μm∕tooth and ap = 40 μm condition.

When comparing Fig. 10a and c, it was observed that 
keeping the fz constant and increasing the ap from 20 to 40 μ 
m lead to an increase in the burr height, while the difference 
in distribution of burrs/mm2 remains negligible. Figure 10c 
and d present a similar behavior. In micromilling, a lower 
fz generally results in an increased burr height due to pro-
longed tool-work material contact, increased friction, and 
cutting edge wear. Conversely, a higher fz tends to reduce 
burr height and increase the amount of burrs/mm2. With the 
increase in ap from 20 to 40 μ m, an increase in burr height 
was observed due to the larger volume of material removed 
from the workpiece.Fig. 11   Height and volume of the top burr

Fig. 12   Micro-endmill analysis: 
EDS of the tool a before and 
b after micromilling, and tool 
wear analysis after micromilling 
387 mm at c fz = 3 μm∕tooth 
and ap = 20 μ m, d fz = 6 
μm∕tooth and ap = 20 μm , 
e fz = 3 μ m/tooth and a p = 
40 μ m, and f fz = 6 μm∕tooth 
and ap = 40 μm
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The average values of the top burr width, obtained by 
means of SEM and statistically treated by the paired t-test, 
are presented in Fig. 11. The statistical analysis indicated that 

the difference is statistically significant (p-value = 0.006). 
When down cutting, the width of the top burrs is higher than 
in the up cutting direction. The highest burr width is gener-
ated when micromilling is performed with fz = 3 μm∕tooth 
and ap = 40 μm . This can be explained by the larger volume 
of material removed and the higher tool wear for this con-
dition. Regarding tool wear, which will be detailed in the 
next section, the highest flank wear was higher which was 
recorded for this condition. Therefore, flank wear may have 
contributed to increase the radius of the cutting edge, which 
in turn induced the plowing mechanism, which implies in 
higher plastic deformation, thus resulting in higher burrs.

3.3 � Effect of micromilling tool wear 
on the formation of top burrs

Chemical analyses of the surface of the micro-endmill, 
before and after micromilling (performed with fz = 3 
μm∕tooth and ap = 20 μm in a machining length of 
387 mm), are shown in Fig. 12a and b, respectively. The 
EDS analysis of the tool before micromilling identified only 
the presence of tungsten, titanium, nitrogen, aluminum, and 
cobalt, elements that make up the micromilling cutter sub-
strate and TiNAl coating. The EDS of the micro-endmill 

Fig. 13   Relationship between tool wear (flank wear and tool diameter 
reduction) and top burr height after micromilling for 387 mm under 
distinct feeds per tooth 

(

fz
)

 and axial depths of cut 
(

ap
)

Fig. 14   Attrition wear analysis 
of the tool after micromilling at 
a fz = 3 μm∕tooth and ap = 20 
μ m, b fz = 6 μm∕tooth and 
ap = 20 μm , c fz = 3 μm∕tooth 
and ap = 40 μ m, and d fz = 6 
μm∕tooth and ap = 40 μm
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after micromilling also indicates the presence of chromium 
and vanadium from the workpiece material that remained 
adhered to the cutting edge, suggesting the occurrence of 
adhesive wear. In Fig. 12c, fz = 3 μm∕tooth and ap = 20 
μm were used, while in Fig. 12d, the values were fz = 6 
μm∕tooth and ap = 20 μm . Both figures exhibit signs of wear 
on the cutting edge of the micro-endmill. In Fig. 12e and f, 
the machining conditions were fz = 3 μm∕tooth and ap = 40 
μm , and fz = 6 μm∕tooth and ap = 40 μm , respectively. In 
these cases, there is noticeable more pronounced wear on 
the cutting edge compared to Fig. 12c and d. Figure 12c to f 
present the images obtained by means of SEM of the micro-
endmills after machining. Work material adhered to the tool 
clearance surface can be observed and similar results were 

found by Silva and Silva [19]. These results suggest that 
adhesion is the mechanism responsible for tool wear. This 
was caused by the thermal softening and viscoplastic flow of 
AISI D2 as a result of the increased cutting temperature due 
to friction and plastic deformation involved in machining. 
The high hardness of the material requires higher forces to 
promote plastic deformation, leading to an increase in local 
temperature. As the temperature rises during micromilling, 
AISI D2 steel exhibits a viscoplastic behavior, and adheres 
to the tool surface under intense pressure [46].

Adhesive wear can be described by a periodic cycle. After 
the cutting edges of the tool performed their first machin-
ing path, a portion of material adhered to the surface of the 
micro-endmills was observed. During the cut, this material 
adhered to the tool comes into contact with the work mate-
rial, being compressed and, consequently. Subsequently, the 
adhered and work hardened material is detached from the 
tool surface, tearing the material of the cutting edge, and, 
consequently, changing the geometry of the cutting tool. The 
peeling of the adhesive materials caused the tool material in 
direct contact to be torn, further weakening the cutting edge 
and leading to catastrophic broken. This phenomenon can 
elevate temperature and the components of the micromilling 
force, leading to the increase of the passive force component. 
Additionally, tool wear contributes to the formation burrs.

Figure 13 presents the relationship between tool wear 
(flank wear and diameter reduction) and burr height after 
micromilling 387 mm using distinct feeds per tooth and 
axial depths of cut. Burr formation is more pronounced for 
fz = 3 μm∕tooth and ap = 20 μm . The results suggest that 
the increase in flank wear and the reduction in the diam-
eter of the micro-endmill promote a change in the chip-tool 
interface that affects chip formation, hindering shearing, and 
inducing plowing. As a consequence, a portion of the mate-
rial that is not removed in the form of a chip remains as a 
burr on the slot edge.

Figure 14 shows the rake face of the micro-endmill. Upon 
analyzing Fig. 14a through d, wear on the rake face was 
observed. For all the tested conditions, the occurrence of 
the attrition mechanism is suggested, which is the result of 
contact between the cutting tool and the machined material. 
This is due to friction and abrasion between the cutting edge 
of the end mill and the material, resulting in gradual wear on 
the rake face surface.

Comparing Fig. 14a and b, it is possible to observe 
that both exhibit similar wear patterns. On the other hand, 
when comparing Fig. 14c and d, with fz = 3 μm∕tooth and 
ap = 40 μm , and fz = 6 μm∕tooth and ap = 40 μm , respec-
tively, it is evident that the former exhibited larger wear. 
This behavior reflected in the burr height (Fig. 13), where 
the machining conditions fz = 3 μm∕tooth and ap = 20 μm , 
and fz = 6 μm∕tooth and ap = 20 μm , resulted in similar 
burr heights. Conversely, the machining conditions fz 

Fig. 15   Micromilling force components evolution with machining 
length (tool wear)

Fig. 16   SEM images of the region where the tool fractured
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= 3 mμ/tooth and ap = 40 mμ , and fz = 3 μm∕tooth and 
ap = 40 μm , led to different burr heights, with the highest 
burr height and largest wear observed for fz = 3 μm∕tooth 
and ap = 40 μm.

Tool wear evolution was monitored during micromill-
ing at fz = 13.20 μm∕tooth and ap = 17 μm by means of 
the force signals. Tool fracture was adopted as the end-of-
life criterion. Figure 15 details the gradual increase in the 
radial, feed, and passive forces as a function of the machined 
length.

A gradual increase in the micromilling force compo-
nents can be seen as the machining length increases. This 
occurs due to the increased contact at the tool-workpiece 
interface that generates higher friction and, consequently, 
increased wear. The tool fractured after a machining length 
of approximately 4815 mm, reaching the maximum radial 
force of 12 N, feed force of 12 N, and passive force of 23 N. 
The fact that the Fz component shows a higher value when 
compared with the Fy and Fx components can be attributed 
to the plowing mechanism of the material. Figure 16 shows 
a SEM image of the region where the tool fractured. It is 
possible to note the presence of burr and plowing regions.

Finally, the relationship between top burr height distribu-
tions (burr height/mm2) and burr height was evaluated for 
machining lengths of 1600, 4000, and 4815 mm (Fig. 17). 
It is observed that, for the machining lengths of 1600, 4000, 
and 4815 mm, the heights of the top burrs presented val-
ues in the intervals of 14 to 28 mμ (Fig. 17a), 17 to 55 mμ 
(Fig. 17b), and 49 to 119 mμ (Fig. 17c), respectively. This 
result suggests that as the machining length increases, chip 
formation by shearing is no longer predominant, as the mini-
mum thickness to form the chip decreases due to changes in 
tool cutting edge geometry, leading to an increasing radius 
of the cutting tool edge, with a consequent increase in burr 
formation. Thus, the material that was not removed by shear-
ing turned into burr being pushed by the cutting edge of the 
tool to the sides of the slot.

4 � Conclusion

After subjecting hardened AISI D2 steel to micromilling 
under various conditions, the conclusions below can be 
drawn.

Fig. 17   Burr height distribution 
histogram for fz = 3 μm∕tooth 
and ap = 20 μ m for machin-
ing lengths of a 1600 mm, b 
4000 mm, and c 4875 mm
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Regarding the micromilling force, the radial and 
feed components of the micromilling force were lower 
than the passive force, which indicates plowing, result-
ing in the formation of top burrs. For all evaluated 
machining conditions, the micromilling component Fz 
reached the highest values compared to the Fx and Fy 
components, corresponding to an increase of approxi-
mately 31% and 32%, respectively. This fact is related 
to the wear of the cutting edge of the tool during 
micromilling of the slots.

Regarding the formation of top burrs, axial depth of cut 
was the parameter that most influenced the increase in burr 
formation. Increasing the axial depth of cut 

(

ap
)

 from 20 to 
40 μ m resulted in an approximately 400% increase in burr 
height, due to the larger volume of material removed and the 
higher forces required.

Increasing the feed per tooth 
(

fz
)

 contributed to a reduc-
tion of approximately 26% in burr height, minimizing the 
detrimental effect of material plowing.

Micromilling in the down micromilling direction resulted 
in a burr height approximately 23% higher compared to the 
up micromilling direction.

As far as tool wear is concerned, attrition was the pre-
dominant wear mechanisms. The increase in tool wear along 
the machined length promoted an increase in all the com-
ponents of the micromilling force. It is also noteworthy that 
the passive force was higher than the radial and feed forces. 
These facts are attributed to the rounding and the increase 
in the radius of the cutting edge, which tends to produce a 
negative rake angle, inducing the size effect and intensify-
ing plowing.
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