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Abstract; Surface modification, as a promising approach to improve biocompatibility of biomaterials, has captured

extensive close attention among many researchers. Here, micro-milling technology was used in constructing pyra-

mid micro-structures on the surface of Ti-6Al-4V implant. Cutting parameters, including spindle speed, feed rate

and depth of cut, were optimized to control the generation of burrs. In addition, low melting point alloy was se-

lected to extend the boundary of the workpiece as supporting material to prevent the generation of top burrs. The

surface topographies were characterized using scanning electron microscope and laser scanning microscope. Results

showed that the dimension of burrs decreased with the decrease of depth of cut, and the size of burrs decreased

with the increase of feed rate. Moreover, burrs nearly not appeared on both sides of the micro-grooves machined

with low melting point alloy (LMPA) coating. Pyramid micro-structure on the workpiece surface was built suc-

cessfully by combining optimized cutting parameters (S=35 kr/min, V, =60 mm/min, a, =5 pm) and LMPA coating.
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0 Introduction

Biological implant materials are widely used
for replacing damaged or diseased tissues''*).
Owing to good mechanical properties and biocom-
patibility, titanium and titanium alloy are regar-
ded as main implants in biomedical fields!® .
Surface topography, as one of the most important
factors on osseointegration, has attracted the in-

terest of many researchers'™.

Micro-groove can
provide a stable growth environment for fibrin
blood clot and prevent fibrin blood clot falling
off. In addition, the biological activity of osteo-
blasts could be affected by micro-groove which
promoted the bone integration fast and steadi-

U] Therefore, many scholars pay close atten-

ly
tion to the surface modification of titanium alloy
in order to improve its biological properties.

Micro-milling can be in use for manufactur-
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ing the micro-scale structure on the implant sur-
face. Until now, various kinds of surface modifi-
cation technologies have been utilized in modif-
ying the surface characteristic to enhance biologi-
cal activity and long-term survival of biomedical
implants, such as sandblasting, photolithogra-
phy, laser cladding, ion coating and chemical pro-

L12] - However, the chemical composition

cessing
and the micro-structures of the surface are diffi-
cult to control precisely. Sometimes the coating
was easy to fall off, for example the ion spraying

3] The cracks caused by laser on the im-

coating
plant surface were bad to biocompatibility.
Micro-milling technique is an efficient approach to
obtain designed micro-structures without chan-
ging the fine properties of implant surface com-
pared with others. Based on the aforementioned
considerations, the method for obtaining micro-

structure by micro-milling is presented here. The
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micro-milling is different from traditional milling
operation, which has an effect on the surface gen-
eration process [,

Previous studies have shown that the micro-
grooves and pyramid micro-structures were help-
ful for osteoblasts adhesion and differentia-

[16-17]

tion Moreover, these kinds of structure

could affect the biological behavior of bone cells
and promote the stability of osseointegration™®!.
However, in micro-milling process, it is difficult
to control and remove burrs during or after the
machining process. The traditional methods to
prevent burrs couldn’t be properly applied on mi-
cro-burrs removal. In micro-milling process,
there were many factors affecting the burr forma-
tion such as tool shape, geometry parameters,
cutting parameters, cutting methods and proper-
ties of workpiece material, etc.. Fig. 1 shows the
micro scale milling process using V-shaped tool.
A large number of scholars had in-depth studies
on the burr problem in micro-milling. Schmidt"*-
found that the burrs were larger in the side of
down milling, and the size of burr was slightly
smaller with the increase of cutting speed. Kishi-
moto'? had studied the formation of the retroflex
burr in the process of face milling, and stated that
secondary burr formed more easily in the large
plastic deformation. Lee et al. " had found that

the size of burr became larger with depth of cut

and feed speed increasing.
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Fig. 1 Simplifications for micro-milling process

Here, the pyramid micro-structure was ob-
tained on the surface titanium alloy by micro-
milling. Meantime, the burrs were controlled and
removed through optimizing cutting parameters

and adding auxiliary support.

1 Experiments
1.1 Material pretreatment and experimental setup

The workpiece was fabricated from medical
titanium alloy Ti-6Al-4V, which has good com-
prehensive performance including higher intensi-
ty, smaller elastic modulus and lower heat con-
ductivity. The polished samples of Ti-6Al-4V
with a dimension of 20 mm <10 mm X 10 mm are
used in the present work.

The micro-milling experiments were conduc-
ted using a five-axis micro machining center, as
shown in Fig. 2. The maximum rotational speed
was 50 000 r/min and axis travels were 250 mm
for X, 220 mm for Y, 250 mm for Z, respective-
ly. It was equipped with a laser Control NT for
measuring micro-milling tools.

The micro-milling cutters used in the experi-
ments were V-shaped cutter made in Swiss. A
shank diameter of @3 mm was used to fit the
spindle collet, with its length of 40 mm. The mi-

cro-milling cutter is shown in Fig. 2.
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Fig. 2 Micro-milling machine and tools used

in micro-milling experiments

1.2 Cutting parameters optimization and support-

ing material coating

To examine the effect of cutting parameters
on the formation of burrs in micro-milling
process, micro-grooves with dimension of 20 pm
in depth were machined. The selected controlla-
ble factors that affect burrs formation are spindle
speed, feed rate and depth of cut. The different
cutting parameters are designed via orthogonal

test shown in Table 1.
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Table 1 Cutting parameters in micro-milling was daubed on the surface of workpiece with the

Spindle speed  Feed rate V,/  Depth of cut thickness of 0. 3 mm to form a closed thin layer

No S/(kr* min~') (mm  min ) a,/pm on sample surface. After LMPA was solidified,
| 95 20 ; the micro-grooves were machined with optimized
cutting parameters.
2 25 40 7 gp
3 25 60 7 2 Results and Discussion
4 25 20 5
- . 10 - The paralleled microgrooves were machined
« o) «
with the cutting parameters in Table 1, and the
6 25 60 5
surface topographies are shown in Fig. 3, which
7 35 20 7 _ _ .
were observed using a scanning electron micro-
8 35 40 7
scope (SEM). The burrs were formed by the
9 35 60 7 . . .
large plastic deformation and mainly generated on
10 35 20 5 .
the edge and corner of the workpieces. Although
1 oY 10 7 the feature sizes of workpieces machined by mi-
12 35 60 5

cro-milling were very small, the relative sizes of

burrs by micro-milling were larger compared the
In this study, 70 C low melting point alloy conventional milling. The SEM images in Fig. 2

(LMPA) was used as supporting material, which displayed the difference of burr formation under
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Fig. 3 SEM images of micro-grooves with different cutting parameters
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different cutting parameters. For the spindle
speed, burrs generated with 25 kr/min were
slightly more than that with 35 kr/min, which in-
dicates that spindle speed was not the main influ-
ence factor. As presented in SEM images, the di-
mension of burrs decreased with the decrease of
depth of cut. In micro-milling process, the con-
tact area between workpiece and tool should in-
clude the extruding region, the friction region and
the scratching region. Therefore, the contact area
increased with the increase of depth of cut, thus
leading to larger burrs formation. For the feed
rate, the size of burr shrinked with the increase of
feed rate, which was consistent with Ref. [ 19 ].
Hence, the least amount of burrs formation was
seen for the conditions with the higher spindle
speed (35 kr/min), the lower depth of cut
(5 pm), and the highest feed rate (60 mm/min),
which was an optimized combination of cutting
parameters to control burr generation.

After the supporting material being re-
moved, surface topographies of machined work-
piece are shown in Fig. 4. The 3D topographies of
micro-grooves machined with and without LMPA
coating are shown in Fig. 5. It can be seen from
Fig. 5(b) that top burrs presented continuous
distribution along sides of the micro-grooves.
However, there were no obvious burrs on both
sides of the micro-grooves machined with LMPA
coating, as shown in Fig. 4 and Fig. 5(a), which
indicates that LMPA had a significant effect on
formation of burrs. The purpose of LMPA coat-
ing is to extend the boundaries of the workpiece,
which can prevent plastic deformations from dete-
riorating at the edge of workpiece. When the tool
radius slides over the edge of the workpiece, the
primary shear zone, the elastic zone and the plas-
tic zone are extended to the LMPA coating, resul-
ting in the burrs generation on support material in
place of the workpiece %',

Pyramid micro-structures on the workpiece
surface were built by combining optimized cutting
parameters (S =35 kr/min, V, =60 mm/min,
a,=5 pm) and LMPA coating. The basic dimen-

sion was designed based on the cell growing envi-

Fig. 4 SEM images of micro-grooves with LMPA

(a) Machined with LMPA (b) Machined without LMPA

Fig. 5 3D images of micro-grooves

ronment, and the pyramids had a square base side
of 50 pm and wall inclinations of 60°. The pyra-
mid micro-structures were created by micro-mill-
ing in two mutually perpendicular directions se-
quentially using V-shaped tool with a 60° tip. The

machining process is shown in Fig. 6.

The machined
Support workpiece

material workpiece

Construction
of support
material again

Micro-milling
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[Pretreatment with MICI'O'}llllllllg

support material ~in horizontal
direction

Fig. 6  Machining process of pyramid micro-structure

by combining optimized cutting parameters and

LMPA coating

According to the optimized schemes, pyra-
mid micro-structures on workpiece surface were
built, as shown in Fig. 7. The mutually perpen-
dicular micro-grooves were machined with the

depth of 80 pm and groove spacing of 120 pm by

200pum

Fig. 7 Optimized surface morphology under laser

scanning microscope
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micro-milling, which had been confirmed availa-
bility to enhance attachment with living tis-
sue'"®! In can be seen that slight burrs appeared
on the sides of micro-grooves, indicating that the
optimized cutting parameters and LMPA coating

are effective.

3 Conclusions

(1) In micro-milling process, burrs genera-
ted with 25 kr/min were slightly more than that
with 35 kr/min. The

creased with the decrease of depth of cut. In addi-

dimension of burrs de-

tion, the size of burrs decreased with the increase
of feed rate.

(2) LMPA, as supporting material, was
used in controlling burrs formation. The results
showed that burrs nearly did not appear on both
sides of the micro-grooves machined with LMPA
coating.

(3) Pyramid micro-structures were built suc-
cessfully with dimension of 80 pm in depth and
120 pm in groove spacing by micro-milling on the
surface of Ti-6Al-4V. A new method for surface
modification of implant was introduced by apply-

ing micro-milling in the biomedical field.
Acknowledgments

This paper was supported by the National Natural Sci-
51175306, 51425503),
the Tai Shan Scholar Foundation. the Fundamental Re-
( No.
2014JC020), and the Opening fund of State Key Laborato-

ence Foundations of China (Nos.

search Funds for the Central Universities

ry of Nonlinear Mechanics.
References:

[1] FILIZS. XIE L. WEISS L E, et al. Micromilling of
microbarbs for medical implants[J]. International
Journal of Machine Tools and Manufacture, 2008, 48
(3): 459-472.

[2] BACAKOVA L, FILOVA E, PARIZEK M, et al.
Modulation of cell adhesion, proliferation and differ-
entiation on materials designed for body implants[J].
Biotechnology Advances, 2011, 29(6): 739-767.

[3] LAVAN D A, MCGUIRE T, LANGER R. Small-
scale systems for in vivo drug delivery[ J]. Nature Bi-
otechnology, 2003, 21(10); 1184-1191.

[4] GEPREEL M A H, NIINOMI M. Biocompatibility

(5]

(6]

[7]

(8]

[9]

[10]

[11]

(12]

[13]

(14]

[15]

of Ti-alloys for long-term implantation[ ] ]. Journal of
the Mechanical Behavior of Biomedical Materials,
2013, 20 407-415.

RATNER B D, BRYANT S J. Biomaterials: Where
we have been and where we are going[J]. Annu Rev
Biomed Eng, 2004, 6. 41-75.

KOHAL R J, BACHLE M, ATT W, et al. Osteo-
blast and bone tissue response to surface modified zir-
conia and titanium implant materials[J]. Dental Ma-
terials, 2013, 29(7). 763-776.

GOODACRE CJ, KAN J Y K, Rungcharassaeng K.
Clinical complications of osseointegrated implants
[J]. The Journal of Prosthetic Dentistry, 1999, 81
(5): 537-552.

ZHAO G, SCHWARTZ Z, WIELAND M, et al.
High surface energy enhances cell response to titani-
um substrate microstructure[ J ]. Journal of Biomed-
ical Materials Research: Part A, 2005, 74(1): 49-
58.

ZINGER O, ZHAO G, SCHWARTZ Z, et al. Dif-
ferential regulation of osteoblasts by substrate micro-
structural features[J]. Biomaterials, 2005, 26(14):
1837-1847.

LIAO H. ANDERSSON A S, SUTHERLAND D,
et al. Response of rat osteoblast-like cells to micro-
structured model surfaces in vitro[ J]. Biomaterials,
2003, 24(4): 649-654.

BRANEMARK ~ R.  EMANUELSSON L.
PALMQUIST A, et al. Bone response to laser-in-
duced micro-and nano-size titanium surface features
[J]. Nanomedicine; Nanotechnology. Biology and
Medicine, 2011, 7(2): 220-227.

WEBSTER T J, EJIOFOR J U. Increased osteoblast
adhesion on nanophase metals;: Ti, Ti6Al4V, and
CoCrMo [ J]. Biomaterials, 2004, 25 (19). 4731-
4739.

COELHO P G, CARDAROPOLI G, SUZUKI M,
et al. Early healing of nanothickness bioceramic coat-
ings on dental implants: An experimental study in
dogs[ J]. Journal of Biomedical Materials Research
Part B: Applied Biomaterials, 2009, 88 (2): 387-
393.

LIU X, DEVOR R E, KAPOOR S G, et al. The
mechanics of machining at the microscale; Assess-
ment of the current state of the science[ J]. Journal of
Manufacturing Science and Engineering, 2004, 126
(4) . 666-678.

EHMANN K F. BOURELL D, CULPEPPER M L,

et al. International assessment of research and devel-



362

Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 34

(16]

[17]

(18]

[19]

[20]

(21]

opment in micromanufacturing[ R]. Baltimore, Md:
World Technology Evaluation Center Inc, 2005.
ABRON A, HOPFENSPERGER M, THOMPSON
J, et al. Evaluation of a predictive model for implant
surface topography effects on early osseointegration
in the rat tibia model[J]. The Journal of prosthetic
dentistry, 2001, 85(1): 40-46.

LIY, GAO Y, SHAO B, et al. Effects of hydroflu-
oric acid and anodised micro and micro/nano surface
implants on early osseointegration in rats[ J|. British
Journal of Oral and Maxillofacial Surgery, 2012, 50
(8): 779-783.

ZHAO G, SCHWARTZ Z, WIELAND M, et al.
High surface energy enhances cell response to titani-
um substrate microstructure[ J]. Journal of Biomed-
ical Materials Research: Part A, 2005, 74(1): 49-
58.

SCHMIDT J, TRITSCHLER H. Micro cutting of
steel[J]. Microsystem Technologies, 2004, 10(3):
167-174.

KISHIMOTO W. Study of burr formation in face
milling-conditions for the secondary burr formation
[J]. Bull Japan Soc Prec Eng, 1981, 15; 51.

LEE K, DORNFELD D A. An experimental study
on burr formation in micro milling aluminum and
copper [ J ]. Transactions of the NAMRI/ SME,
2002 255-262.

[22] WAN Y. CHENG K, SUN S. An innovative method
for surface defects prevention in micro milling and its
implementation perspectives[ J]// Proceedings of the
Institution of Mechanical Engineers, Part J: Journal
of Engineering Tribology, 2013, 227 (12 ):
1350650113492507.

[23] ERLI HJ, MARX R, PAAR O, et al. Surface pre-

treatments for medical application of adhesion[ ] ].

BioMedical Engineering on Line, 2003, 2(1); 15.

Mr. Wang Teng is a doctor candidate in Shandong Universi-
ty. His research interests lie in biomaterial surface modifi-
cation.

Prof. Wan Yi is a professor in Shandong University. His
research interests lie in micromachining technology and
precision machining.

Mr. Kou Zhaojun is a doctor candidate in Shandong Univer-
sity. His research interests lie in micro-milling.

Mr. Cai Yukui is a doctor candidate in Shandong Universi-
ty. His research interests lie in micro-milling.

Prof. Liu Zhangiang is a professor in Shandong University.
His research interests lie in high speed machining theory
and technology.

Dr. Jiang Minqgiang is an associate research fellow of insti-
tute of mechanics, Chinese Academy of Sciences. His re-
search interests lie in solid mechanics, the mechanics of

amorphous materials.

(Executive Editor: Zhang Tong)



