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Abstract. The requirements of fabrication quality of high-aspect-ratio (HAR) thin walls made of titanium alloy
are increasing in various engineering fields. However, there is a lack of studies investigating the fabrication of
HAR thin walls with high-dimensional accuracy. This paper studies micromilling characteristics of titanium al-
loy for fabricating HAR thin walls. First, micromilling experiments using straight edge polycrystalline diamond
(PCD) end mills with different rake angles are conducted. Comparisons of the effects of tool shape on cutting
force, cutting temperature, thin wall dimension error, tool wear, and surface morphology are analyzed system-
atically, and the optimal cutting edge shape has been identified. Second, a deformation prediction model for
micromilling of titanium alloy is established and calibrated. The model can be applied to online compensation
of thin wall deformations. Then, dimensional error compensation experiments on HAR thin walls are carried
out. The result shows that the proposed prediction model is effective. A thin wall with an aspect ratio of 10 : 1
and a thickness of 60 µm is successfully fabricated with high-dimensional accuracy. The relative dimensional
error is reduced from 16.5 % to 3.9 %. It also provides a method for guiding the thin wall machining of other
difficult-to-machine materials.

1 Introduction

Titanium alloys have been widely used in the aerospace
industry due to their high strength-to-weight ratios. The
most common titanium alloy is Ti-6Al-4V, originally de-
veloped for aircraft structural applications in the 1950s. It
now accounts for more than 50 % of the titanium alloy
world market. In medical applications, titanium alloys are
also widely applied because of their oxidation resistance and
bio-compatibility for manufacturing surgical tools, cardio-
vascular stents, dental and orthopedic implants, and artificial
valves, which are constantly subjected to static and fatigue
loads (Parmar et al., 2019). The fabrication of Ti-6Al-4V
components is performed by casting and forging or, nowa-
days, additive manufacturing, followed by subsequent ma-
chining (Liu and Shin, 2019). Machining titanium alloys is
not an easy task since the low heat dissipation rates (thermal
conductivity 7.1 W m K−1 and specific heat 553 L kg K−1)

cause very high cutting temperatures near the cutting edges
(Machai et al., 2013). Also, this material has a low elas-
tic modulus of 110 GPa compared to steels (∼ 200 GPa) and
high chemical activation that increases tool wear and pro-
duces tool vibration during machining. For a high cutting
speed, it is very important to develop advanced tool mate-
rials, such as single-crystalline diamond (SCD) or polycrys-
talline diamond (PCD) (Yan et al., 2010; Zong et al., 2010).
For a similar surface finish and the same material removal
rate, the recommended cutting speed for uncoated WC-Co
inserts stays between 40 and 80 m min−1 when using PCD
inserts around 120–160 m min−1 (Amin et al., 2007).

A series of studies on Ti-6Al-4V titanium alloy cutting
was carried out previously. Wu et al. (2022) conducted the in-
vestigation of CMQL (cryogenic minimum quantity lubrica-
tion) in the machining of titanium thin wall components via
comparative experiments in different cutting environments,
including flood cooling, MQL (minimum quantity lubrica-
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Figure 1. The fabricated PCD end mill.

Figure 2. Various modes of micromilling determined by feed rates and depth of cut (Cheng et al., 2014).

tion), and CMQL machining. Experimental results showed
that CMQL machining could significantly lower the cutting
loads and deformation of thin wall parts, owing to its su-
perior lubrication and cooling functions, especially at high
spindle speeds. In order to predict the deformation of a Ti-
6Al-4V thin wall part in milling, Gang (2009) established
three-dimensional finite-element models of a helical tool and
a thin wall part with a cantilever. The comparison of cutting-
induced deformations between the simulation and experi-
ment showed that the established finite-element models were
accurate and could be used to predict the cutting-induced
deformation. Yi et al. (2019) conducted three-dimensional
deformation simulation of a micro thin wall using different
milling parameters by considering the material elasto-plastic

constitutive model, the stiffness, and the geometric structure
of micro milling tools in the finite-element method. The mi-
cro deformation mechanism in milling of the thin wall was
revealed, which provided a theoretical basis and technical
support for controlling the milling-induced deformation of
micro thin wall parts. Zhuang et al. (2022) investigated the
effect of the cutting edge radius on surface roughness in
orthogonal cutting of Ti-6Al-4V based on numerical simu-
lation. A finite-element model was established to estimate
the machining-induced surface roughness using the coupled
Eulerian–Lagrangian (CEL) method, which can be used to
simulate the elastic recovery on a machined surface. The fine
mesh had better performance in force and surface roughness
prediction, and a larger edge radius could result in a larger
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Table 1. Parameter selection for the peripheral cutting edge.

Cutting edge radius (µm) Feed engagement fz (µmz−1)

3.2 0.2, 0.5, 1.0, 1.5, 2.0, 2.5
4.5 0.2, 0.5, 1.0, 1.5, 2.0, 2.5
5.3 0.2, 0.5, 1.0, 1.5, 2.0, 2.5

Figure 3. Experimental setup.

feed force and a rougher machined surface. Kaltenbrunner
et al. (2022) studied the up-milling and down-milling pro-
cesses for Ti-6Al-4V titanium alloy with respect to the ther-
momechanical loading and the tool wear. The wear analysis
after the cutting experiments suggested the same mechanism
for both modes of operation but with a higher rate of wear
in up-milling, and the wear was driven by the growth of fa-
tigue cracks and thus indicated a mechanical reason for the
tool wear. The simulation result indicated that the specific
interaction between thermal and mechanical loading in up-
milling was the reason for accelerated tool wear in up-milling
compared to down-milling. The higher rate of wear in up-
milling was attributed to its specific thermomechanical load-
ing. Maeng et al. (2020) proposed a model to describe the
micro grinding of the difficult-to-cut material and predicted
the grinding force. The model for calculating the grinding
force was established considering the contact area, grit size
and distribution, tool shape, cutting depth, and cutting speed.

PCD tools have been widely used for machining difficult-
to-cut materials. Micro grinding with a PCD tool was one
promising approach for fabricating a micro mold on difficult-
to-cut materials (Maeng et al., 2020). Araujo et al. (2020)
conducted milling experiments of Ti-6Al-4V using PCD
tools and found that the PCD tool with a straight edge had
a longer tool life, but in contrast to the carbide tool, the lo-
cal wear behavior on the cutting edge was not constant when
the depth of the cut increased, which was distinctly different
from the features of carbide tools. The cutting force magni-
tude and its dynamic change affect the life of PCD tools in
milling drastically and limit the increase in the material re-
moval rate. Zhang et al. (2020) studied the cutting responses

of an additive manufactured Ti-6Al-4V alloy using a solid
ceramic tool in dry high-speed milling processes. The results
indicated that the feed rate had greater impacts on the mag-
nitudes of cutting forces and temperature fields compared to
the cutting speed. The solid ceramic tool produced favorable
machined surfaces under high-speed machining conditions
apart from the occurrence of tool marks. The mechanisms
responsible for tool wear were determined to be micro chip-
ping and chip adhesion owing to the mechanical and thermal
loading. Chen et al. (2020) designed a micro end mill to sim-
ulate the micromilling of GH4169 with a three-dimensional
finite-element method in order to determine the optimal tool
geometric parameters since this had a significant effect on
the milling process. A micro end mill of PCD was man-
ufactured through the precision grinding method, assisted
by laser-induced graphitization. Cutting experiments demon-
strated that the PCD micro end mill had better cutting perfor-
mance than a commercial cemented carbide one (Chen et al.,
2020).

From the literature review, it is clear that, although there
have been extensive studies on the machining characteristics
of Ti-6Al-4V and the application of PCD tools to the ma-
chining of hard to difficult materials, there is a lack of in-
vestigations into fabricating titanium alloy high-aspect-ratio
(HAR) thin walls by micromilling processes using PCD end
mills. Considering that titanium alloy is a kind of difficult-
to-machine material and that PCD tools have good thermal
conductivity and extremely high hardness, using PCD end
mills for titanium alloy thin wall fabrication is highly promis-
ing. In this study, customized straight edge PCD tools with
different rake angles are fabricated and used to carry out mi-
cromilling experiments on HAR thin walls on the Ti-6Al-4V
titanium alloy. The fundamental milling characteristics are
explored in detail. A thin wall deformation model is estab-
lished, based on which micromilling of high-accuracy HAR
thin walls with large aspect ratios has been investigated.

2 Experimental methodology and procedures

2.1 PCD micro end mill

Based on previous studies (Cheng et al., 2018, 2008, 2011),
micro end mills with straight peripheral and end cutting
edges are fabricated as shown in Fig. 1. The PCD micro end
mill is composed of two parts, which are the handle of the
carbide material and the cutting edge of the PCD material,
and the cutting edge is welded together with the handle by
brazing. The cutting edge is processed according to a certain
geometric angle by using the four-axis wire-cut electrical dis-
charge machine, and PCD micro end mills of different angles
and shapes can be obtained. The tool diameter is 1 mm. In or-
der to analyze the influence of the tool geometries on the ma-
chining effects, cutting edges with three different rake angles
(−30, −45, and −60°) are fabricated.
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Figure 4. Schematic view of the experimental system.

Figure 5. Diagram of the dimensional error compensation process.

Figure 6. The principle of the adaptive filter.

2.2 Micromilling setup

Cutting edge radii vary with the rake angles of the fabricated
PCD end mills. It is very important to accurately identify
the cutting edge radius and determine the feed engagement
corresponding to the minimum undeformed cutting thickness

(MUCT) in the microcutting process. Then, appropriate mi-
cromilling process parameters can be defined.

According to the literature (Cheng et al., 2018, 2014; Li et
al., 2021a), there are three kinds of cutting modes for milling,
as shown in Fig. 2, where fz is the feed engagement, ae is the
radial depth of the cut, R is the radius of the tool, and h is the
undeformed chip thickness. Mode 3 is hardly used due to the
problem of surface roughening. At the same time, since the
radial depth of the cut in the thin wall machining process is
small and far less than the radius of the tool, Mode 1 is not
applicable. Accordingly, Mode 2 is selected for this study.

The radii of the cutting edges of the three different rake an-
gle tools measured by a scanning electron microscope (SEM)
are 3.2, 4.5, and 5.3 µm, respectively. Based on previous stud-
ies (Cheng et al., 2018, 2014), the specific micromilling pa-
rameters are selected for the peripheral cutting edge as shown
in Table 1.

The computer numerical control (CNC) micromilling ma-
chine tool CarverPMS23_A8 is used to conduct the exper-
iments, as shown in Fig. 3. The programming resolution
for each linear axis is 0.1 µm. The maximum rotation speed
of the spindle is 36 000 min−1. The surface roughness is
measured by an Olympus DSX1000 ultra-depth microscope,
each feature is measured three times (denoted as Ra1, Ra2,
and Ra3), and the average value of the three measurements
is calculated for the analysis. A thermal-imaging camera,
FLIR-A615, is used to measure the temperature of the cut-
ting region. The cutting force is measured by a Kilster-9257B
dynamometer. The tool wear and EDS are measured by the
Quanta-250 SEM.

2.3 Compensation device

Based on previous experimental research on dimensional
error compensation of a brass material thin wall (Li et
al., 2021b), the wall thickness compensation experiments are
carried out using PCD tools. In order to measure the cutting
force produced in the thin wall milling process and adjust the
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Figure 7. Filtering processing of the cutting force signal.

Figure 8. Diagram of the thin wall.

radial cutting parameter to compensate for the elastic defor-
mation of thin walls, the online cutting force measurement
and cutting parameter compensation device is applied (Li et
al., 2022).

Figure 4 shows the three-dimensional structure and the
control system diagram of the designed cutting force mea-
surement and cutting parameter compensation device. It is
mainly composed of two components, the cutting force mea-
surement component and the cutting parameter compensa-
tion component. The cutting force measurement component

is composed of a piezoelectric sensor and two guide rails and
slides. The resolution of the piezoelectric sensor is 0.001 N,
and the comprehensive accuracy is 0.005 N. The cutting pa-
rameter compensation component is composed of a linear
motor, two guide rails and slides, and a grating ruler. The
resolution of the motion system is 0.1 µm, and the position-
ing accuracy is within 0.5 µm. The force signal is ampli-
fied and transmitted to the computer after analogue–digital
(A/D) conversion from the USB port and processed by the
upper computer to get the final measured cutting force value.
The upper computer sends the motion instruction to the pro-
grammable multi-axis controller (PMAC) through the Ether-
net port. The linear motor is used to realize the desired com-
pensation movement.

The working principle of the proposed device is shown in
Fig. 5. The spindle is fed in the x direction, and the cutting
force measurement system is used to measure the radial cut-
ting force perpendicular to the micro straight thin wall. After
reading and processing the cutting force, the upper computer
outputs the command to the PMAC controller. The device
can realize the linear motion perpendicular to the thin wall
direction so as to realize the compensation of the radial cut-
ting parameter. The cutting force measurement and cutting
parameter compensation device is fixed on the worktable of
the machine. The workpiece is fixed on the proposed device
through the clamp.

In this study, the cutting force of any point of the thin wall
is first measured by the online cutting force measurement
and cutting parameter compensation device in the thin wall
milling process. Then the deformation value at that point is
calculated by the online compensation system based on the
thin wall deformation model. The cutting parameter is finally
compensated by the online cutting force measurement and
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Figure 9. Surface roughness measurement results of the three kinds of cutting edge radii.

Table 2. The cutting parameter selection for the Ti-6Al-4V thin wall.

Thin wall Thin wall Radial cutting Axial cutting Feed engagement Spindle
thickness T (µm) height H (µm) depth ae (µm) depth fz (µmz−1) ap (µm) n (min−1)

60 600 30 150 1.6 20000

cutting parameter compensation device according to the de-
formation value.

2.4 Filtering and processing of the cutting force signal

Since the amplitude of the measured cutting force in the mi-
cro machining process is at a single Newton level or even
smaller, the change in the force signal (such as the vibra-
tion of the machine tool) will affect the measurement accu-
racy and consequent compensation effectiveness. Therefore,
it is very important to filter the measured cutting force sig-
nal and remove the clutter signal. In this study, the adaptive
filtering method is used to filter the measured cutting force
signal. Adaptive filtering is an optimal filtering method de-
veloped on the basis of linear filtering such as Wiener filter-
ing or Kalman filtering. Because of its stronger adaptability
and better filtering performance, it has been widely used in
engineering practices, especially in information processing
technology. The principle of the adaptive filter is shown in
Fig. 6.

The traditional adaptive filtering algorithm equation based
on the least mean square (LMS) algorithm is shown in
Eqs. (1) and (2).

e(n)= d(n)−X(n)TW (n) (1)
W (n+ 1)=W (n)+ 2ue(n)X(n) (2)

X(n)= [x(n), x(n− 1)· · ·x(n−L+ 1)]T represents the input
signal vector at time n, W (n)T = [w0(n), w1(n)· · ·wL−1(n)]
represents the weight coefficient of adaptive filtering at time
n, L is the order of the filter, d(n) is the desired output value,
e(n) is the error value, and u is the step factor controlling the
stability and convergence rate.

Figure 7a shows the collected original cutting force signal,
where it fluctuates irregularly. Figure 7b shows the cutting
force signal after adaptive filtering. Obviously, the processed
cutting force signal becomes continuous and smooth.

Since titanium alloy is a kind of difficult-to-machine ma-
terial, its elastic modulus is small and its strength is high
compared with most metal materials. It causes the thin
wall machining quality to be seriously affected by thermal–
mechanical coupling and tool wear during the cutting pro-
cess. The prediction model of thin wall deformation of brass
material is based on mechanical theory when modeling, and
only the influence of the force on deformation is considered.
Therefore, it is necessary to establish a new model for tita-
nium alloy material.

2.5 Thin wall deformation model for titanium alloy

In order to simplify the complexity of modeling and improve
the computational accuracy of the model, the thin wall cut-
ting experiment is first carried out. Then the relationship be-
tween the thin wall deformation and the thin wall size and de-
formation position is established by measuring the fabricated
thin walls. The prediction model of the thin wall deformation
is finally calibrated by solving the undetermined coefficients
so as to realize the prediction of the thin wall deformation.

The diagram of the thin wall is shown in Fig. 8, where the
deformation value of any point c(m, n) on the thin wall can
be expressed by Eq. (3):

l(m, n) = F (m, n)/K(m, n), (3)
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Figure 10. Surface roughness measurement results.

where l(m,n) is the deformation value of point c(m,n),
F (m,n) is the cutting force of point c(m,n), and K(m,n)
is the stiffness of point c(m,n).

The stiffness K can be expressed by Eq. (4):

K = AELa1T a2H a3ma4na5 , (4)

where K is the stiffness of the thin wall, A is a constant co-
efficient, E is the elastic modulus of the thin wall material, L
is the thin wall length, T is the thin wall thickness, H is the
thin wall height, m is the distance between point c and the z
axis, and n is the distance between point c and the x axis. a1,
a2, a3, a4, and a5 are undetermined coefficients.

Since A and E are two constant values, Eq. (4) can be
simplified to Eq. (5).

K = BLa1T a2H a3ma4na5 (5)

Equation (5) is a nonlinear equation for calculating the stiff-
ness, and the logarithm is commonly used on both sides of
Eq. (5) to transform it into the linear Eq. (6).

LnK = LnB + a1LnL+ a2LnT + a3LnH + a4Lnm+ a5Lnn (6)

Let y = LnK , a0 = LnB, x1 = LnL, x2 = LnT , x3 = LnH ,
x4 = Lnm, and x5 = Lnn. Then its corresponding linear re-
gression equation is expressed by Eq. (7):

y = a0 + a1x1 + a2x2 + a3x3 + a4x4 + a5x5, (7)

where a0, a1, a2, a3, a4, and a5 are the six coefficients to be
obtained. y, x1, x2, x3, x4, and x5 are obtained based on the
experimental results.

The solving principle of the linear regression equation is to
find the minimum sum of squares of deviations at each point.
The deviation of each point is expressed by Eq. (8).

di = yi (a0+ a1x1 + a2x2 + a3x3 + a4x4 + a5x5) (8)

Then, the sum of squares of the deviation of each point is
expressed by Eq. (9).∑n

i=1
d2
i =D (a0,a1,a2,a3,a4,a5) (9)

In order to solve Eq. (9), Eq. (10) is a necessary condition.

∂D

∂a0
=

∂D

∂a1
=

∂D

∂a2
=

∂D

∂a3
=

∂D

∂a4
=

∂D

∂a5
= 0 (10)

Then, Eq. (11) is obtained using Eq. (10).



∑n
i=1(yi − a0 − a1x1i − a2x2i − a3x3i − a4x4i − a5x5i ) = 0∑n
i=1(yi − a0 − a1x1i − a2x2i − a3x3i − a4x4i − a5x5i )x1i = 0∑n
i=1(yi − a0 − a1x1i − a2x2i − a3x3i − a4x4i − a5x5i )x2i = 0∑n
i=1(yi − a0 − a1x1i − a2x2i − a3x3i − a4x4i − a5x5i )x3i = 0∑n
i=1(yi − a0 − a1x1i − a2x2i − a3x3i − a4x4i − a5x5i )x4i = 0∑n
i=1(yi − a0 − a1x1i − a2x2i − a3x3i − a4x4i − a5x5i )x5i = 0

(11)

Equation (11) can be processed further and expressed by a
matrix form of Eq. (12):

MA = N, (12)

where

M =



n
n∑
i=1

x1i
n∑
i=1

x2i
n∑
i=1

x3i
n∑
i=1

x4i
n∑
i=1

x5i
n∑
i=1

x1i
n∑
i=1

x2
1i

n∑
i=1

x1i x2i
n∑
i=1

x1i x3i
n∑
i=1

x1i x4i
n∑
i=1

x1i x5i
n∑
i=1

x2i
n∑
i=1

x1i x2i
n∑
i=1

x2
2i

n∑
i=1

x2i x3i
n∑
i=1

x2i x4i
n∑
i=1

x2i x5i
n∑
i=1

x3i
n∑
i=1

x1i x3i
n∑
i=1

x2i x3i
n∑
i=1

x2
3i

n∑
i=1

x3i x4i
n∑
i=1

x3i x5i
n∑
i=1

x4i
n∑
i=1

x1i x4i
n∑
i=1

x2i x4i
n∑
i=1

x3i x4i
n∑
i=1

x2
4i

n∑
i=1

x4i x5i
n∑
i=1

x5i
n∑
i=1

x1i x5i
n∑
i=1

x2i x5i
n∑
i=1

x3i x5i
n∑
i=1

x4i x5i
n∑
i=1

x2
5i



,

A =


a0
a1
a2
a3
a4
a5

, and N =



n∑
i=1

yi

n∑
i=1

x1iyi

n∑
i=1

x2iyi

n∑
i=1

x3iyi

n∑
i=1

x4iyi

n∑
i=1

x5iyi



.

Obviously, matrix M is a symmetric matrix and can be
expressed by Eq. (13).

M = XTX =



1 x11 x21 x31 x41 x51
1 x12 x22 x32 x42 x52
1 x13 x23 x33 x43 x53
· · · · · ·

· · · · · ·

· · · · · ·

1 x1n x2n x3n x4n x5n



T



1 x11 x21 x31 x41 x51
1 x12 x22 x32 x42 x52
1 x13 x23 x33 x43 x53
· · · · · ·

· · · · · ·

· · · · · ·

1 x1n x2n x3n x4n x5n


(13)
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Figure 11. Surface topography measurement results.

Figure 12. Cutting force measurement results.

Figure 13. A thermal image obtained during the cutting tempera-
ture measurement.

The matrix N can be expressed by Eq. (14).

N = XT Y =


1 x11 x21 x31 x41 x51
1 x12 x22 x32 x42 x52
1 x13 x23 x33 x43 x53
· · · · · ·

· · · · · ·

· · · · · ·

1 x1n x2n x3n x4n x5n



T 
y1
y2
y3
·

·

·

yn

 (14)

Figure 14. Cutting temperature and rake angles.

The matrix A can be solved by Eq. (15). Therefore, the de-
formation value of any point on the thin wall can be obtained
online using Eq. (3).

A = M −1N = (XTX)−1XT Y (15)

The undetermined coefficients can be calibrated by substitut-
ing the experimental data into Eq. (15). The thin wall defor-
mation prediction model can be obtained by substituting the
solved coefficients into Eqs. (3) and (4).

3 Experimental result and analysis

3.1 Surface roughness

According to the literature (Ng et al., 2006), workpiece
material will suffer from elastic–plastic deformation (plow-
ing) without forming chips when the cutting thickness is
smaller than the MUCT due to the size effect in microcutting.
In other words, when the cutting thickness is greater than
the MUCT, material will be removed primarily by shearing
rather than plowing. As a result, the surface roughness ac-
quired by shearing is better than that acquired by plowing.
Therefore, the finished surface roughness is one of the mea-
sures for recognizing the MUCT.
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Figure 15. The tool wear and EDS measurement results of the PCD end mills.

Figure 16. The quantitative measurements of the tool wear after
cutting a length of 120 m.

The measurement results of surface roughness for the three
kinds of cutting edge radii are shown in Fig. 9. The surface
roughness values reach minimum values at fz = 1.0, 1.5, and
1.5 µmz−1 in Fig. 9a, b, and c, respectively. Therefore, the
size effect can be avoided for the three different micro end

mills when the feed engagement is greater than or equal to
1.5 µmz−1. Micromilling parameters for thin walls made of
Ti-6Al-4V are selected as shown in Table 2. Based on previ-
ous micromilling experiences (Li et al., 2021b, c), the layered
cutting method, down-milling, and dry cutting processes are
selected in this study.

Figure 10 shows the measurement results of the surface
roughness. The surface roughness created by the PCD end
mill with a −45° rake angle reaches the smallest value, and
that of the−60° rake angle has the largest value. The surface
processing quality of the workpiece of a −60° rake angle is
relatively poor, which may be affected by the serious tool
wear.

Figure 11 shows the surface topography measurement re-
sults. The surface topographies machined by the PCD end
mills with −30 and −45° cutting edge rake angles are better
than those with serious scratches from a −60° cutting edge
rake angle. The reason is believed to be similar to that of the
surface roughness.
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Figure 17. Thin wall thickness measurement results.

Figure 18. Thin wall dimensional error.

3.2 Cutting force

The cutting force measurement results are shown in Fig. 12.
The cutting forces in the x and y directions show a decreasing
trend with the increase in the cutting edge rake angle using
the same cutting parameters and processes. For the straight
edge PCD tool, increasing the rake angle can make the tool
sharper so that the workpiece material is easier to remove and
the cutting force is smaller. Therefore, choosing a tool with a
larger rake angle is beneficial for reducing the cutting force
generated in the cutting process. Consequently, the thin wall
deformation caused by the cutting force will be reduced.

3.3 Cutting temperature

A thermal image obtained during cutting temperature mea-
surement is shown in Fig. 13. The cutting temperature mea-
surement results are shown in Fig. 14.

Figure 13 shows that the highest cutting temperature is lo-
cated in the contact area between the tool and the workpiece.
The cutting temperature decreases with the increase in the
cutting edge rake angle, which is consistent with the trend of
the cutting forces. Due to the small cutting scale in the mi-
crocutting process, the amount of cutting heat generated is
small. The cutting point is also very small, so that the actual
cutting temperature in the cutting region is difficult to mea-

sure precisely. The results in Fig. 14 are obtained as average
temperatures within the field of view of the thermal imager,
and thus these are considerably lower than the actual cutting
temperature. However, the general trend of cutting tempera-
ture versus tool rake angle is believed to be reliable.

3.4 Tool wear

Figure 15a shows the EDS measurement results of the new
PCD end mill with a rake angle of −60°. The contents of the
C and W elements are the highest; these are the main compo-
nents of the PCD material. Figure 15b shows the worn PCD
end mill with a rake angle of−60°. The main wear forms are
a rounded cutting edge and chip bonding. The main contents
are the Ti and Al elements, which are highest and have more
content than the C element. The reason for this phenomenon
may be that many titanium alloy chips stick to the tool sur-
face. The smaller the rake angle of the tool is, the less easy
the chips are to discharge, thus adhering to the rake face of
the tool and resulting in the chip bonding. Figure 15c shows
the worn PCD end mill with a rake angle of −45°. The main
wear form is a rounded cutting edge. The EDS analysis is
similar to that of the −30° rake angle tool. Figure 15d shows
the worn PCD end mill with a rake angle of −30°. The main
wear forms are a rounded cutting edge and chipping. In ad-
dition to the highest contents, the C, Ti, and Al elements ap-
pear on the tool and are the main components of the titanium
alloy material. In the process of cutting, when the tool re-
moves the material, it will produce shearing and friction with
the workpiece, so the chip will produce some residue on the
tool surface. However, the chips are effectively discharged as
the tool rake angle increases. Figure 16 shows the quantita-
tive measurements of the tool wear after cutting a length of
120 m.

All of the three above tools have similar tool wear forms
of rounded cutting edges. The mainly reason is that the tool
tip is the main cutting area. Its frequent participation in the
interrupted cutting process leads to impact loads and faster
tool wear, which is a normal wear phenomenon. The degree
of rounded cutting edge of the three tools is inconsistent, the
degree of rounded cutting edge of the−60° rake angle tool is
bigger, and the degree of rounded cutting edge of the −45°
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Figure 19. The measurement results of the previous dimensional error compensation method.

Figure 20. The measurement results of the new dimensional error compensation method.

rake angle tool is smaller, indicating that the geometric struc-
ture of the tool has an important influence on tool wear.

3.5 Dimensional errors of walls

As the machined walls are too thin to be measured using con-
ventional mechanical instruments, the thickness of the ma-
chined thin wall is estimated from the SEM images. The
thickness of the thin wall is measured by selecting six posi-
tions at equal distances along the height direction of the thin
wall. Then the average value is calculated as the thickness of
the thin wall.

Figure 17 shows the measurement results of thin walls fab-
ricated by three kinds of PCD end mills. The overall thick-
ness of the thin wall is uniform without obvious bending de-
formations. However, a dimensional error exists between the
actual measured thickness and the designed value, likely due
to elastic deformation of the workpiece and tool during mi-
cromilling.

Figure 18 shows the change in the dimensional error of the
thin wall with different tool rake angles. The dimensional er-
ror of the thin wall machined by the PCD tool with a −45°
rake angle is the smallest one. However, the thin wall cor-
responding to the minimum cutting force is not the one with
the smallest dimensional error, which is inconsistent with the
previous research conclusion for other ductile material (Li et
al., 2022). One possible reason for this difference is that PCD
tools have different degrees of tool wear, which leads to the
reduction in their effective tool diameter, thus reducing the

actual radial cutting depth and increasing the residual amount
of thin wall thickness.

Based on the above experimental results and analysis, the
cutting force and cutting temperature produced by the tool
with a −30° rake angle are smallest. However, the wear of
the tool with a −30° rake angle is higher than that of the
tool with a −45° rake angle. Therefore, the surface rough-
ness value produced by the tool with a −30° rake angle is
larger, and the dimension error of the thin wall is also larger
than that of a −45° rake angle. Since the cutting edge of the
tool with a−60° rake angle wears seriously, the cutting force
and cutting temperature generated in the cutting process are
larger than tools with other rake angles. This accelerates the
wear of the tool and furthermore leads to the deterioration of
the surface quality and the large error of the thin wall size.
Therefore, the PCD micro end mill with a−45° rake angle is
more suitable for cutting high-quality thin walls made of the
Ti-6Al-4V titanium alloy.

3.6 Error compensation results

Thin wall compensation experiments were carried out by the
previously introduced method and model for a brass material
thin wall base using cantilever beam theory (Li et al., 2021b).
The experiment results are shown in Fig. 19. Although the
fabricated thin wall retains good shape accuracy, the dimen-
sional error is still large, which indicates that this deforma-
tion model is not suitable for titanium alloy material.

Figure 20 shows the thin wall thickness measurement re-
sult after applying the introduced new model. The dimen-
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Table 3. Comparison of the relative dimensional errors.

Method Nominal Actual Dimensional Quality
thickness thickness errors evaluation

(µm) (µm)

Without compensation 60 69.5/69.9/70.3 16.5 % Worst
Previous compensation method 66.5/66.7/67.3 11.4 % Medium
New compensation method 62.1/62.4/62.6 3.9 % Best

sional errors of the thin wall have been reduced further. The
relative errors have been reduced from 16.5 % to 3.9 %, as
shown in Table 3. The machining quality has a relatively ob-
vious improvement in dimensional accuracy after the com-
pensation. It demonstrates that the deformation modeling
and parameter compensation method are effective and can
be used to compensate for the dimensional error of titanium
alloy thin walls fabricated by the micromilling process.

4 Conclusions

In this study, micromilling of the difficult-to-machine ma-
terial Ti-6Al-4V alloy for HAR thin walls was studied. Mi-
cromilling experiments were carried out by using customized
PCD straight edge micro end mills with different cutting edge
rake angles. This shows that the micro end mill with a −45°
rake angle has better cutting performances with smaller thin
wall dimensional errors, lower tool wear, and a lower surface
roughness value. The previously introduced thin wall defor-
mation estimation model for brass material has limitations
for titanium alloy material. Therefore, a special deformation
prediction model for titanium alloy in thin wall machining
was established and calibrated by micromilling experiments.
The model has been successfully evaluated by micromilling
experiments. It shows that the dimensional errors of the thin
wall made of Ti-6Al-4V are significantly reduced after the
online radial cutting depth compensations. The relative er-
rors have been reduced from 16.5 % to 3.9 %.

The study results show that the online compensation
method is effective. The online cutting force measurement
and cutting parameter compensation device can first mea-
sure the cutting force in the thin wall cutting process, then
calculate the thin wall deformation value according to the
cutting force and thin wall deformation model, and then fi-
nally compensate for the cutting parameter according to the
thin wall deformation value. The novel contributions of this
study are that the online cutting force measurement and cut-
ting parameter compensation device is applied and the thin
wall deformation model is established, which can signifi-
cantly reduce the dimensional errors of the Ti-6Al-4V thin
wall. The control system of the online compensation device
used in this study is independent of the control system of the
machine tool. It can indirectly adjust the processing parame-
ters through the movement of the compensation device with-

out adjusting the processing parameters of the machine tool
and achieve online compensation of thin wall dimensional er-
rors. The compensation method can achieve online compen-
sation and has high efficiency. Meanwhile, it also provides a
method for guiding the thin wall machining of other difficult-
to-machine materials.
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