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Abstract
The study of the micromachining process of titanium alloys has been intensified due to a greater need to
develop microcomponents applied to the medical area. However, the investigation of the behavior of
process variables is still incipient, complex and challenging. Heat and temperature distribution, for
example, are important aspects for any machining process. Thus, the main objective of this work is to
investigate the temperature during the micro-milling of the Ti-6Al-4V alloy, by means of an experimental
study combined with numerical simulation. To carry out the tests, AlCrN coated carbide end mill tool was
used for machining micro slots. During machining, the workpiece temperature is measured using T-type
thermocouples welded to the workpiece surface, aligned with the tool path. The temperature distribution
was also obtained by numerical simulation using the commercial software Third Wave AdvantEdge,
version 7.4015. The experimental results showed that the temperature on the surface of the specimen
increases from the up-milling side to the down milling side. In addition, the temperature has a tendency to
increase with tool wear. However, the simulation data showed that the temperature is higher in the center
of the channel, the position with the highest undeformed chip thickness.

Introduction
Micromachining is a manufacturing process that has increasing importance over the last years. There is
no consensus regarding its definition and several authors approach it in different perspectives, according
to particular attributes, among which the size of the part and the tools involved in the process stand out.
Câmara et al. [1] define micromachining as the process that is applied to manufacture micro parts
(dimension 1 to 1000 µm) or to provide micro characteristics for macroparts with absolute precision of
shape and dimension. The authors point out that, in the micro end milling operation, the diameters of the
tools are in the range of 1 to 1000 µm, which implies in limitation of the cutting speed because the higher
spindle rotation that will be necessary.
Huo and Cheng [2] explained that in this process the mechanics involved is different when comparing
with macro or conventional cutting process. These distinctions between the fundamental mechanisms
occurring in both processes, conventional and micromachining, are due to the considerable reductions
involved in the latter. Liu et al. [3] emphasize that the cutting parameters as feed rate and depth of cut are
reduced, however, the grain size of the microstructure of the workpiece does not reduces in the same
proportion. These means that all of these variables come to have comparable sizes.
Bissacco et al. [4] expose that the chip formation can include the shear of a single or a few grains,
different from conventional machining, in which the chip is formed by shearing several grains.
Aramcharoen and Mativenga [5] add that, because the undeformed chip thickness is too small, the chip
tends to form in the area of the edge radius of the micro-tool, experiencing a large negative rake angle.
Due to this characteristic, Liu and Melkote [6] point out that the tool cannot be considered completely
sharp.
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In addition, the authors highlight that there is a non-linear variation in the cutting forces when a cutting
thickness less than the edge radius is applied. Thus, de Oliveira et al. [7] explain that there is a minimum
uncut chip thickness to be used in the process, which is approximately from 1/4 to 1/3 of the tool edge
radius, regardless of the variables process.
Several works have been developed to observe and analyze phenomena that occurrs during the
micromachining of different materials. Among the materials that have been investigated, the titanium
alloy Ti-6Al-4V stands out due to some characteristics. Peters et al. [8] expose its good mechanical
properties and Liu et al. [3] highlight the resistance to corrosion and, mainly, its biocompatibility. Chae et
al. [9] states that the micromachining processes have been very present in medical components, in order
to produce smaller items that bring less inconvenience to the patient.
Thus, it is worth highlighting the importance of studying these materials, as well as the phenomena that
occur when they are subjected to micromachining. The development of microcomponents can provide
great benefits for several sectors and, especially, for the health area.
There are many phenomena resulting from the micromachining process that require analysis, especially
the cutting temperature, as it is directly related to the tool wear mechanisms and, consequently, tool life.
In micromachining, Santos et al. [10] evidenced that the tool life is relatively shorter than in conventional
machining. Thus, it is important to understand the temperature distribution in this process so that
solutions can be found to mitigate its influence on the acceleration of the wear mechanisms.
The study of temperature in micromachining is quite complex, considering the small dimensions
involved. Thus, in literature, there are few studies that address this topic, and its study is still incipient and
challenging. In addition, most of the papers in which the temperature in the micromachining is
investigated is restricted to the analyzes by numerical simulation.
Dhanorker and Özel [11] developed one of the first researches investigating temperature in
micromachining, in which simulations were carried out, using a 2D finite element model for a 635 µm
diameter carbide tool. The materials of the workpieces were Al2024-T6 aluminum and AISI 4340 steel.
When comparing the predicted temperatures with the temperatures obtained in conventional machining, it
was noticed that they are lower. This was attributed to the small undeformed chip thickness involved in
the micromachining process.
Ding et al. [12] also carried out simulations using the 2D finite element method to analyze the micro
milling process. For this, a H13 tool steel and a cemented carbide end micromill with 100 µm in diameter.
It was observed that when the cutting edge is in the 90º position and machined the center of the slot, the
material temperature close to this cutting edge is maximum and reaches approximately 300ºC.
Regarding the effect of the tool coating on temperature during micromachining, Thepsonthi and Özel [13]
performed a numerical simulation using 2D finite element method in order to analyze the influence of the
cubic boron nitride coating (CBN) during the micro-milling of Ti-6Al-4V alloy. The authors found that the
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use of the coated tool generates a lower temperature in the cutting zone than the use of the uncoated
tool, with the difference of the maximum temperature of almost 100 ° C. Besides that, it was observed
that the chip retains most of the heat generated.
In a later work, Thepsonthi and Özel [14] carried out a research involving simulation using the 3D finite
element method, which was developed for the micro-milling of the same material (Ti-6Al-4V alloy).
Thereby, a 508 µm diameter micro-cutter and three different edge radii were considered: 3, 6 and 12 µm. It
was observed that the chip retains most of the heat, which, according to the authors, may be due to the
intense plastic deformation that occurred in it. In addition, it was found that the temperature increases
with the edge radius.
It is observed that there is a tendency to conduct research addressing temperature in micromachining
only through simulations, showing that there is a large field to be explored, especially in regard to
experimental methods to measure temperature. One of the first studies that addressed experimental
temperature measurement in micromachining was developed by Samuel et al. [15]. The authors
evaluated the use of graphene to improve the performance of cutting fluids in microturning, using a cubic
boron nitride tool, machining an AISI 1018 steel. The results of the study showed that the tool
temperature decreased with the application of the graphene particles, this reduction being more evident
with the increase in the graphene fraction. These results suggest, according to the authors, the ability of
graphene to penetrate the chip-tool interface in the micromachining process.
Mamedov and Lazoglu [16] combined simulation with experimental tests. For that, they presented a finite
element model to predict the temperature distribution in the tool and workpiece when micro-milling
Ti6Al4V alloy under different cutting conditions. According to the values obtained by means of the
simulation, the increase in the undeformed chip thickness causes an increase in temperature and, when
the undeformed chip thickness is maximum (θ = 90°), the temperature reaches the highest value. In
addition, in both analyses, it was found that the temperature increases with the feed rate and depth of
cut.
In a recent study, Wang et al. [17] investigated the tool wear, the quality of the micro-grooved channels in
the Ti6Al4V alloy and measured the temperature at the tool tip and the workpiece. The researchers found
that when the cutting edge is machining in the center of the channel, where the undeformed chip
thickness is maximum, the temperature at its tip reaches the highest value. When comparing the
maximum temperatures measured, it was found that most of the heat remains on the cutting edge of the
tool, due to the low thermal conductivity of the workpiece material.
According to the literature, it is observed that different researchers develop techniques for measuring
temperature in micromachining, in view of the difficulties of applying methodologies developed for
conventional machining. In addition, it is noted that the simulation is an important tool for a better
understanding of the temperature distribution in this process.
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In this context, the present work was carried out with the main objective of investigating the temperature
in the micro-milling of the Ti-6Al-4V titanium alloy, combining the performance of an exhaustive
experimental study with the development of a numerical simulation of the process.

Experimental Methodology
The material used in the tests was the titanium alloy Ti6Al4V. To conduct the study, first, the
characterization of this material was made. An analysis was performed using EDS (Energy Dispersive
Spectroscopy). The results showed that the workpiece is composed of approximately 6.8% aluminum,
89.9% titanium and 3.3% vanadium.
To obtain the microstructure, a sample of the material was sanded with sandpaper with mesh sizes from
120 to 1200 and polished, first, using chromium oxide and then a 0.3 micrometersalumina paste. The
sample was then etched with Kroll (1% hydrofluoric acid and 5% nitric acid, diluted in 94% distilled water).
The obtained microstructure is shown in Fig. 1, containing two phases: α, light phase, and β, darker
phase. The volumetric fraction of each phase was analyzed, using the software Image J. The results
showed that the material is composed of approximately 84% by the α phase and 16% by the β phase.
It should be noted that the preparation of the specimen is an important step in the micromachining
process. The parameters used have small values, on the micrometric scale, and this process must provide
high precision characteristics. Therefore, it is important that the surface to be machined has the smallest
possible flatness deviation. Thus, to prepare the specimen, it was first fixed in a precision vise for facing
the surface to be machined. To check the deviation, a gauge indicator with a resolution of 1 µm was
used. This verification was done before each test. Slots of 28 mm were micro-machined.
A coated cemented carbide micromill with two flutes were used. For its characterization and integrity
verification, images were made using a scanning electron microscope (SEM). Analyzes were also carried
out by means of EDS, to verify the composition of the tool, including the substrate and coating. The
results of the EDS analysis showed, as can be seen in Fig. 2, that the coating of the micro-cutter is
composed of approximately 10% nitrogen, 24% aluminum and 54% chromium, being, therefore, AlCrN.
The presence of carbon is attributed to the substrate and the oxygen to the inefficiency of the SEM in
leaving vacuum during the analyzes. The substrate is composed of tungsten (79%), carbon (12%), cobalt
(6%) and chromium (0.6%).
The geometric characteristics of the micro-tool used in the tests can be seen in Fig. 3, in which the front
and lateral flank faces and the rake face are shown. The cutting edge radius and tool diameter were
estimated using SEM images and Image J software. An approximate value of 1 µm was estimated for the
edge radius and 390 µm for the tool diameter. The measurement of the edge radius, which can be
observed on the minor clearance face, allowed a better choice of the feed per tooth to be used,
considering that to reduce the plowing effect it must be higher than the edge radius value.
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The machining parameters were determined from the literature and the dimension of the tool's edge
radius. Thus, a feed of 2 µm/tooth, depth of cut of 20 µm and spindle rotation of 20,000 rpm were used. It
should be noted that it was decided to use a small depth of cut (20 µm) due to the methodology used for
temperature measurement, which will be discussed later. With a greater depth of cut, the heat generated
in the process would dissipate further away from the welded thermocouple on the workpiece surface.
Type T thermocouples with diameter 0.127 mm and insulation with PFA were used to measure
temperature. Three thermocouples were welded along the tool's path, so that the tool passed through all
three or at least at a very close distance, as can be seen in the illustration shown in Fig. 4. During the
tests, the thermocouples were machined and, therefore, detached from the part.
Figure 5 shows an image of the workpiece prepared for one test. There are three thermocouples welded
on the workpiece surface in different positions along the tool path.
A system composed of the Agilent 34970A, a module with twenty channels and the BenchLink Data
Logger software were used to acquire temperature signals. The initial acquisition rate used in the first
tests was 2 Hz. After some tests, it was used a higher acquisition frequency, 3.33 Hz. It was carried out 46
tests, totaling 1288 mm machined length.
After conducting the tests, images of the slots were taken and it was possible to identify the position in
which the thermocouples were welded in relation to the slots. It was possible to measure temperature in
different positions, on the up-milling side, down milling side and in the center of the slot. Figure 6 shows
some examples of images used to identify the position of the thermocouple in different regions of the
slots. The identification was possible due to the marks left on the surface. For the analysis of the results,
the temperature used was the difference between the maximum measured value and the room
temperature during the test. In addition, it is important to note that the thermocouple marks on the
channel surface refer to the region affected by the welding process, not exactly the size of the
thermocouple joint.

Computational Simulation
The simulation was developed with the objective of adding information about the temperatures in the
micro-machining process of the Ti-6Al-4V alloy. The simulation was performed using 3D finite element
method. For this purpose, the commercial software Third Wave AdvantEdge, version 7.4015, was used,
which is specifically for simulating machining processes, including micro milling. It should be noted that
a model for the simulation of this process was not developed. It was only necessary to insert required
information, which will be exposed in this section.
The geometry of the cutting tool was produced by the program using a parametric model fed with the
dimensions measured in the micromill tool used in the tests. The parameters required in modeling the
tool geometry are shown in Fig. 7.
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The parameters for modeling the tool's geometry were measured using the Image J program. The results
obtained can be seen in Table 1. It is noteworthy that the sum of the rake angle, wedge and clearance
angle is 90 °. Therefore, the wedge angle was measured to obtain the rake angle, which was necessary
for the simulation.
Table 1
Geometric parameters for the micromill
Tool Geometry

Measurement Results

Cutter Diameter (Do)

0.390 mm

Core Diameter (Di)

0.313 mm

Number of Flutes

2

Radial Rake Angle

6.0°

Helix Angle

31.7°

Radial Relief Angle

10.0°

Edge Radius

0.001 mm

Flute Radius (Rf)

0.021 mm

Width of land (wol)

0.223 mm

Tool Length (tl)

0.780 mm

The substrate material was defined using information from the program data library, related to the
general carbide class (Carbide-General). The required data for the tool coating were obtained from the
literature, using the information present in the works of Kumar and Patel [18] and Kumar and Patel [19]. A
coating thickness of 3 µm was estimated in a single layer.
As for the mesh parameters for the tool, a range of values with a minimum element size of 0.001 mm and
a maximum of 1 mm was used. The minimum size is used in the region of the tool tip, which constitutes
the main region to be analyzed, as it is where the greatest deformations occur and there is a greater
temperature gradient. This can allow a better analysis of the phenomena involved, as well as better
detailing of the chip formation. The maximum size is used in regions further away from the tool tip.
The AdvantEdge software library has a database with information for several materials, including the
alloy analyzed in this work (Ti6Al4V). The minimum and maximum size of the workpiece mesh element
was 0.015 mm and 0.1 mm, respectively, with the smaller elements being used in the cutting region.
To describe the behavior of the material, the constitutive model used was the Power Law Model governed
by Eq. 3.1 (Third wave systems, 2017).
σ (ε,

, T)=g (ε) * Γ (

) * Θ(T) (1)
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where σ represents the yield stress, ε the plastic strain,
strain hardening behavior of the material, Γ (
softening.

the strain rate, T the temperature, g (ε) the

) the strain rate sensitivity and Θ (T) the thermal

The process parameters were the same used in the experimental tests. The initial temperature of the
entire system was defined as 20°C. The friction at the chip tool interface was modeled by Coulomb's
friction law, using a friction coefficient of 0.35. The mesh of the workpiece consisted of tetrahedral finite
elements.
The boundary conditions were determined by observing the characteristics of the experimental tests. The
workpiece was all clamped, not moving in any of the axes (x, y and z). The tool moves in the direction of
the x axis, rotating clockwise and cutting the workpiece. Thus, the workpiece and the tool remained in
relative motion. Two tool rotations were simulated (720 °).
The AdvantEdge software performs the simulation using the remeshing method, which is an adaptive
mesh correction. This process is done in order to match the parameters of the initial mesh in order to
determine the mesh while the simulation is being performed.
After defining all the required parameters, the simulation was performed using a desktop with an Intel®
Core ™ i7-7700 (3.60 GHz) processor, 32.0 GB internal RAM and 64-bit Windows 10 Pro operating system.
The total simulation time was 153h 51min 50s with a total of 57,001 elements referring to the tool,
414,339 referring to the part and 14,405,929 steps.

Results And Discussions

4.1. Measured temperature during the micromilling
operation
For each test, a graphic similar to the example shown in Fig. 8 was generated. It is possible to observe the
temperature measured by the three thermocouples, in which it is noted that there is a peak, indicating the
temperature reached during the passage of the tool. Despite the micromill passing through the
thermocouple during the tests, the maximum temperature measured does not refer to the moment when
the tool is cutting the region of the thermocouple. This is due to the response time, the measurement
frequency and the fact that the thermocouple detaches from the workpiece after the tool passes.
Therefore, the maximum temperature recorded refers to the average temperature of a region close to the
tool's cutting zone, where the thermocouple is fixed.
For some tests, some thermocouples were welded outside the tool's path. That is because it is difficult to
keep the alignment. Among all the results obtained, the lowest temperature measured was 20.346 ° C, for
the second test (56 mm machined length), in which the thermocouple was welded very far from the tool
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path, with a temperature difference of 0.366 ° C. The highest temperature measured was 68.832 ° C, in
the 37 ° machined slot (1036 mm machined length), with a welded thermocouple on the dow-nmilling
side, obtaining a temperature difference of 45.597 ° C.
The initial observation was regarding to the behavior of the measured temperature with respect to the
position of the thermocouple. It was investigated if there is any trend regarding the position of the
thermocouple, comparing results obtained for thermocouples fixes on the down-milling side, up-milling
side and in the center of the slot. This analysis was done by comparing results obtained in the same test,
in order to reduce the influence of possible differences in the execution of various tests and tool wear.
In 18 tests out of 46, there were thermocouples fixed in different positions in the workpiece surface were
the slot was machined (up-milling, center and down-milling sides), making it possible to compare the
temperature for differentpositions. In the other tests, the thermocouples were fixed in similar positions, or
outside the slot machined.
It was found that in 13 tests, a similar trend is observed for the temperature behavior. The temperature
increases during the tool movement in the active cycle. The temperature of the down-milling side was
higher than that of the up-milling side. As for the 5 other slots, in 2 of them, the temperature on the upmilling side was higher and, in three, the temperature in the center of the slot was higher. It was not
possible to evaluate the errors because it was not possible to fix the thermocouple in the same positions
to repeat the test.
Figure 9 shows an example of the general behavior of temperature obtained in the tests. The graph
shows the results obtained test 1 (machined length of 28 mm). The welded thermocouple, approximately
in the center of the channel (T1), showed the smallest temperature difference, 4.646°C. For the second
thermocouple (T2), positioned on the down-milling side, the temperature increases to 8.903°C. Finally, the
temperature obtained by the third thermocouple (T3), which was fixed close to the end of the downmilling side, the measured temperature difference 10.283°C. The maximum temperature measured were
25.294°C, 29.653°C and 30.953°C.
The graphic in Fig. 10 shows another test in which this trend was observed. It shows the temperature
differences, during test 8 (224 mm machined). Note that the thermocouple welded at the up-milling side
of the channel, measured the smallest temperature difference (7.67°C) compared to the other two
thermocouples. The thermocouple T2, also on the up-milling side, but more farther from the side of the
slot than T1, measured a temperature difference of 9.224°C, slightly higher. The third thermocouple, fixed
close to the center of the slot showed a greater temperature difference among the three thermocouples
(12.829°C). The maximum temperatures recorded by T1, T2 and T3 were, respectively, 28.274 ° C, 29.815
° C and 33.468 ° C.
Figure 11 shows an example of two thermocouples welded in similar positions, however on opposite
sides, that is, one at the end of the down-milling side (T3), and the other at the end of the up-milling side
(T2), enabling a comparison between them. The temperature T3 (down-milling side) is higher
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(temperature difference of 18.564°C) than temperature T2, at the up-milling side (temperature difference
of 15.995°C). This emphasizing the trend found in most of the 18 tests in which such comparison was
possible. The temperature T1 is not shown in the graph because the thermocouple detached from the
workpiece surface before the tool passed it. The maximum temperatures recorded by T2 and T3 were,
respectively, 39.914°C and 42.443°C.
Some authors, when comparing the cutting temperature between the down-milling and up-milling sides,
found higher temperatures generated in down-milling side. Toh [20], when comparing the chip surface
temperature generated between up and down milling orientations, during milling of a hardened steel AISI
H13, observed that the temperatures generated when up milling were lower in all conditions analyzed, this
difference being 3–8%. Ueda et al. [21] also found, in conventional milling of carbon steel, that the
temperature at the tool tip is higher in the down milling than in the up milling, this difference being
approximately 70 ° C.
Different researchers, as mentioned in the first chapter of this paper, found that the maximum
temperature occurs in the center of the slot. However, it is noteworthy that most studies in the literature
involved only analysis by means of computer simulation or few experimental tests, without further
analysis of the thermocouple position.
According to the trend presented in this study, there is a suggested explanation for the higher temperature
that occurred on the down-milling side. When the tool starts cutting, on the up milling side, the cutting
temperature increases due to the conversion of work into heat. Through the propagation of the generated
heat, the temperature in the regions close to the cutting zone rises. The temperature increases with the
uncut chip thickness. As this variable increase, the heat transfer from the cutting zone to the
surroundings also increases. Thus, on the down-milling side, the temperature increases, as the cutting
edge approaches.
Contributing to this increase in temperature in the down milling side, there is the formation of large burrs.
With a greater volume of material being pulled to this side, the greater the amount of heat that is
conducted to the edge of the slot. Thus, the sum of these factors can rise the temperature during the
movement of the cutting edge from the up milling to the down milling side.
The second analysis carried out with the results obtained was related to the influence of wear on the
measured workpiece temperature. It is known that in conventional machining, wear contributes to
increase the cutting temperature, however for micro machining, this is a phenomenon yet to be
investigated. In order to carry out this analysis more appropriately, focusing on the influence of the
position of the thermocouple on the cutting temperature, the measured values corresponding to similar
positions in the different channels were selected. Therefore, in order to verify whether there is an influence
of wear on temperature during the process, the values corresponding to the thermocouple marks on the
up milling side, close to the edge of the slots, were considered first, in positions that presented the
maximum similarity.
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In the graphic of Fig. 12, it is possible to observe the temperature difference in certain tests in which there
were thermocouples on the up-milling side, with the image of their respective marks. Between the
machined length of 224 mm and 756 mm, the trend is for the temperature to increase. The temperature
difference is 9.224°C after 224 mm machined length and 42.551°C after 756 mm machined length. It can
also be seen in this graph that, after a machine length of 392 mm there is a large increase in the
temperature difference, from 12.056°C to 35.256°C (560 mm machined).
Similar analysis was also performed for the down-milling side. In the graphic in Fig. 13, it can be seen
that there is also a tendency for the temperature to increase with the machined length, or tool wear. In
addition, it can be seen that the increase becomes more evident after test 16 (448 mm machined). From
the first test, to the sixteenth, the temperature difference increases from 8,903°C to 10.909°C and after, for
the 21st test (588 mm machined), the temperature difference was 22.649°C.
The results for the thermocouples fixed outside the tool path also indicate that the temperature increases
with microtool wear. In Fig. 14, this trend can be observed, in which it is noted that there was a large
increase in the temperature difference when comparing the first result with the last. When machining
channel five (140 mm machined), there was a difference temperature of 2,471°C and, when machining
channel 43 (1204 mm machined), the difference is 20,538°C.
Thus, it is noted that the temperature tends to increase with the machined length. As tool wear increases,
the edge radius becomes larger and the tool less sharp. The cut, then, requires greater efforts and,
consequently, the cutting temperature is higher.

4.2. Results of the Numerical Simulation
The numerical simulation was carried out with the main objective of complementing information on the
temperature distribution. In Fig. 15, the image of a given moment in the simulation can be seen. It shows
the similarity between the geometry of the tool used in the experimental tests with the simulated one. It
can also be observed that in the cutting region, the elements are smaller and the mesh isdenser.
To analyze the behavior presented by the temperatures, several points were observed, along the tool's
path. It is worth mentioning that two turns revolutions simulated for each cutting edge, totaling four
paths. First, the maximum temperatures presented in the system and their evolution during machining
were analyzed. In Fig. 16, it is possible to observe the trajectory of a cutting edge during its first turn, with
the formation of a chip. Initially, the first edge starts machining on the up-milling side (Fig. 16 (1)). The
temperature starts to rise towards the center of the channel, where it becomes maximum (Fig. 16 (5)).
Continuing the movement towards the down-milling side, where the cutting edge leaves and the chip
detaches (Fig. 16 (8)), the temperature begins to decrease. However, it presents higher values. Thus, the
second edge starts the cut and the same behavior was observed. Throughout the simulation, the
distribution of maximum temperatures was similar.
The highest temperature during the action of the first cutting edge was 72.62°C, with a maximum
temperature difference of 52.62°C. Considering the two turns of both edges (4 complete paths), the
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highest temperature obtained was 83.48°C, in the center of the slot, during the trajectory of the second
cutting edge, on its first turn. In addition, it is observed that the temperature increases only in the cutting
region of the tool, corroborating the results obtained in the experimental tests in which the temperature
increased only when the cutting edge is close to the thermocouple. An important factor for this behavior
is the low thermal conductivity of the machined material, which causes most of the heat to be
concentrated in the cutting region.
The temperature difference between workpiece, tool and chip was also simulated. In Fig. 17 it is possible
to observe the temperature distribution in each one of these components separately. Note that the highest
temperature is in the cutting zone and, when looking at the components separately, the largest
temperature gradients are presented by the chip and workpiece. In the tool, the highest temperature is
concentrated at the tip of the tool. However, the temperature reached by this one is lower than that
presented by the workpiece and chip. This may be due to the low volume of material removed in this
process, which makes the contact length between tool and workpiece / chip short.
This result is different from conventional machining, for which the higher temperature is in the tool
cutting edge. Ezugwu and Wang [22] explain that, because the low thermal conductivity of the Ti-6AI-4V
alloy, about 80% of the heat generated during the cut is conducted to the tool, when using cemented
carbide cutting tools.
The values for the temperatures in the workpiece were similar to those measured during the experimental
work. In Fig. 18, an example is shown where there is only the temperature distribution in the workpiece. It
can be observed, at a point close to the tool's path, that the temperature was 28°C, which is similar to that
measured in the first test performed, as shown in Fig. 18. However, it is worth mentioning that the
simulation uses information from the program database, the results obtained being only an
approximation.

Conclusions
The present work developed a study of temperatures during the micro-milling process of the Ti-6Al-4V
alloy, using an AlCrN-coated carbide micro-cutter. The main conclusions obtained are described as
follows:
• The temperature tended to increase from the up-milling side to the down-milling side of the slot;
• The temperature increases with tool wear;
• The results of the computer simulation showed temperature values in the workpiece similar to those
measured in the experimental tests; and
• According to the simulation, the highest temperature of the process is when the highest uncut chip
thickness occurs.
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Figures

Figure 1
Microstrucutre of the workpiece material (Ti6Al4V)
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Figure 2
Results of the EDS analysis of the micromill

Figure 3
Characteristicsof the microtools used in the tests
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Figure 4
Illustration showing the position of the thermocouples relative to the tool path

Figure 5
The workpiece with the thermocouples read to be machined
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Figure 6
Marks indicating the positions of the thermocouples: (a) on the down milling side; (b) center of the slot;
(c) up milling side

Figure 7
Tool dimensions necessary for the simulation
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Figure 8
Temperature as a function of time obtained in test 26 (728 mm machined length), cutting speed of 25
m/min, feed of 2µm/tooth and depth of cut of 20 µm
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Figure 9
Temperature difference during the test 1 (machined length of 28 mm)

Figure 10
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Temperature difference, test 8 (machined length of 224 mm)

Figure 11
Results for test 23 (644 mm machined length)
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Figure 12
Temperature difference depending on the machined length measured on the up-milling side of the slot
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Figure 13
Temperature difference according to the machined length measured on the down-milling side of the slot
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Figure 14
Temperature difference as a function of the machined length measured outside the tool path, close to the
down-milling side of the slot
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Figure 15
Numerical simulation of the micromilling process
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Figure 16
Temperature distribution over the first lap of the first cutting edge
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Figure 17
Temperature distribution at (a) tool tip; (b) on the workpiece and (c) on the chip, at the same time

Figure 18
Temperature distribution in the workpiece
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