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Despite the fact that Titanium alloys are frequently used in medicine, aviation industry and also in machine man-
ufacture due to their strength and resistance against external influences. Moreover, their innovation to obtain
better and more suitable parameters still proceeds. Regarding their mechanical properties, they are considerably
less machinable which affects surface integrity of a machined area. That is why a proper selection of a machine
tool and cutting conditions are extremely important. This paper deals with a finishing grinding process of the
material VT9 by means of specific grinding wheels 5TG and DIA under specified cutting conditions. Based on
experimental verifications it can be defined which grinding Wheel is more suitable in specific conditions with an
impact on integrity of the ground surface. From the standpoint of grinding parameters such as surface roughness,
thermal impact and acting of cutting forces as well as arising residual stress in the surface layer are key for surface

integrity.
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1 Introduction

One of the fastest and dynamically developing indus-
tries is medicine which deals especially with the produc-
tion of orthopaedic implants and prosthetic devices. Ap-
proximately 90 per cent of components for implants are
produced from titanium alloys. An increase of implants is
recorded every year and a main reason is an increasing
age limit of the population. This is the reason to prepare
in time and thus secure suitable Technologies for machin-
ing of titanium alloys.

Titanium alloys are less machinable than steels of the
same strength and hardness due to their mechanical and
metallurgical characteristics. Titanium alloy components
will increase in the medical industry as well as in the avi-
ation in aircraft engine production and in the production
of construction components. Recently titanium applica-
tion has been found also in an area of consumer goods and
sports equipment thanks to aesthetic aspects and luxuri-
ous feelings.

Compared with other machining processes that in-
clude chip production, grinding by grinding wheels is al-
ways and important and potential machining process for
component production with an aim to obtain better di-
mension tolerances and surface quality [1, 2].

Several experts and professionals from various uni-
versities have dealt with the research of surface integrity
of titanium and its alloys, e.g., Ulutan D, Ozel T [3], Jack-
son MJ, Davis CJ, Hitchiner MP, Mills B [4], Yao CF, Jin
QC, Huang XC, Wu DX, Ren JX, Zhang DH [5],
Bigerelle et al. [6,7] and they have proposed in their re-
search of surface integrity by grinding of titanium alloys
a way of characterization of surface roughness in the pro-
cess of tool wear and for a characterization of surface
integrity, dynamics of processing and mechanical proper-
ties a series of parameters of the process of roughness
have been applied.

Bhaumik et al. [8] found that about 60% of the in-ser-
vice faults of aerospace components are caused by fa-
tigue, and the surface integrity characteristics, such as re-
sidual stress, have a great influence on the fatigue life of
aeronautics and spaceflight components. It is very im-
portant to explore the influence law guiding engineering
practice [9].

Problems that we deal with when machining of tita-
nium alloys are known and not just few. Titanium alloys
react more as badly machinable stainless steels, but they
show even higher toughness. When machined, a strong
strengthening of the surface layer occurs. Therefore, one
must apply suitable parameters when grinding. [10, 11]

Grinding machines and tools develop fast and they
reach a high-quality level and efficiency. Grinding is not
just a mere finishing operation, but it is a type of produc-
tion machining.

Several aspects affect surface quality such as surface
roughness, cutting forces and heat released by machining.
That results in high residual stresses and thus deteriora-
tion of the machined surface. To prevent high stresses by
machining and high surface roughness we intend to reach
the most suitable grinding parameters by means of possi-
ble measurements that will help us in a grinding process
to improve more and to obtain the best possible results.
[12, 13]

2 Experimental verifications

Machined material

Titanium is a metal with a still wider range of appli-
cations in various areas of technology and everyday life.
Pure titanium and its alloys belong among materials for
specific purposes. It has high strength, almost as steel. It
is lighter by 45% than steel. It is paramagnetic and it has
low thermal and magnetic conductivity and it is corrosion
resistant.
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There occurs a thin transparent layer of oxide on tita-
nium when it contacts oxygen and it does not react with
any substances and therefore it is resistant against most of
acids and sea water. A great disadvantage is its very ex-
pensive way of production from rocks which is mirrored
in its cost. It is approximately five times more expensive
than stainless steel. Titanium is not toxic for people and

it does not cause allergies. That is why artificial joints and
tooth implants are made from it and we can find its appli-
cations in military technology (submarine construction,
airplanes, etc.), but also in tennis rockets, jewellery,
frames of glasses, ski poles, clocks and articles of daily
use. [14]

Tab. 1 The chemical composition of ground samples VT9 [wt. %]

7.24401 <0.043270 2.24871
0.02376 <0.001252 <0.009282
0.347416 0.011401 <0.008308
In general titanium has:
e - excellent corrosion resistance,
e - very good erosion resistance (when welding
with a frequently applied metals),
e - very high compatibility with animal tissues

(surgical implants),

e - alower model of tensile stress than steel mate-
rials, a higher melting point, a lower coefficient
of heat conductivity. [15]

Impact of cutting forces

Experimental samples were ground by the grinder
BPH 21 NA at the speed n = 2850 min™! with the feed a,
=0.005; 0.01; 0.015; 0.02 mm with the application of the
metalworking fluid Emulzin H- 2 % concentration, the
flow 8 litres per 1 minute. Applied wheels: STG 60J9V
(50% profile TG grains, 50% Al,0O3) and the diamond
wheel D76-K100 B-III.

To find components of the cutting force by the process
of grinding we used the dynamometer KISTLER TYPE
9273 (Fig. 1.). We recorded the values of measurements
into the computer (Fig. 2) and the measured data were
processed by means of the programme DASYLab 8.0

Fig. 1 The sample grinding by the grinder BPH 21 NA
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Fig. 2 The measurement of components of the cutting
force by the dynamometer

The harder and measured material is, the higher are
components of cutting forces. Regarding the fact that the
highest impact on grinding has the component of the cut-
ting force F., we evaluated only this component of the
cutting force.

Tab. 2 Measured values F. for Titanium VT9 - the dia-
mond grinding wheel, v. = 18 m.s !, ve = 4 m.min’’
0.02

a,[mm] | 0.005 = 001 | 0015
FINI 13 30 52 67
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Fig. 3 The working cycle of grinding of Titanium VT9,
the diamond grinding wheel, v. = 18 m.s™, ve =4 m.min"!
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Tab. 3 Measured values F. for Titanium VT9 - the grind-
ing wheel 5TG, v. = 18 m.s™, vi = 4 m.min’!

a,[mm] 0005 001 | 0015 002
F.[N] 19 34 43 55

M
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= 0.02 mm

2,=0.015 mm
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Fig. 4 The working cycle of grinding of Titanium VT9,
the grinding wheel 5TG, v. = 18 m.s !, vi = 4 m.min™!

In Tables 2. and 3. and in records in Figures 3. and 4.
one can see the measured values of the component of the
cutting force F. after grinding by different grinding
wheels. By grinding of titanium, cutting forces are mark-
edly lower than in case of the application of the diamond
grinding wheel.
| 7 O diamondgvinding whedl

60 B grinding whed 5TG

50

gw

%aﬂu

0 0005 001 0015 0.02
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|

Fig. 5 The impact of a, on the size of the cutting force
Fo, ve =18 m.s?, vi= 4 m.min”, Emulzin H— 2%

From the measured data we may conclude (Fig.5.) that
in case of grinding VT9 the components of the cutting
force F. are diverse. In case of grinding by the diamond
grinding wheel it is lower by small removals (0.005
and 0.01). However, as we can notice, in case of higher
removals, the component of the cutting force is smaller
by grinding with the grinding wheel STG. I tis caused by
the fact that titanium is a hard material and there origi-
nates a lot of heat when grinding and it results in higher
cutting forces F.. Of course, also the cutting speed, cut-
ting fluid, grain size and its hardness and porosity also has
an impact to a great extent.

The origin of residual stresses

Residual stress was measured by the Proto iXRD sys-
tem. The model iXRD by the company Proto (Fig. 6.) is
set on the compact and portable 300 W control unit i XRD
with integrated high-voltage supply, x-ray cooling, en-
gine control, system electronics and display for kV, mA.

In the samples was the evaluated measurement at a, =
0.005; 0.01; 0.015; 0.02 mm. All measurement was per-
formed on the sample surface, so it does not reach deeper

than 0.15 mm. The reason was that in the surface layer
a high compressive residual stress at lower removal takes
place (finishing conditions regarding the surface) and at
higher removal it changes into tensile residual stress. The
material has weak thermal conductivity and there origi-
nates a high amount of heat when grinding. Compressive
stresses are high, and they slightly shift to tensile stresses.
The higher thermal exposition, the sooner stresses move
to tensile stress.

Fig. 6 The system iXRD Proto and its parts

Tab. 4 Residual stress after grinding with the grinding
wheel 5TG, v. = 18 m.s ', vy = 4 m.min!
ap, [mm] 0.005 | 0.01 0.015 | 0.02

stress o [MPa] 590 766 765 823
failure Ac 29 35 44 49

In Table 4 we can see that we do not record any com-
pressional stress when measuring residual stress by
means of the application of the grinding wheel 5STG by
the small removal 0.005 mm. However, when we used the
diamond grinding wheel by the small removal 0.005mm
we observe compressional stress (finishing conditions
from the standpoint of the surface). Therefore, the appli-
cation of the diamond grinding wheel is more suitable as
tensional stress negatively affects fatigue strength and
tensional stress increases it.

Tab. 5 Residual stress after grinding with the diamond
grinding wheel, v. = 18 m.s !, vi = 4 m.min"!

a, [mm)] 0.005 = 0.01 0015 0.2
stress o [MPa] -54 318 444 937
failure Ac 26 54 41 59
1000
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Fig. 7 Residual stress when grinding Titanium - VT9 -
Emulzin H 2%, ve = 18 m.s , v = 4 m.min"!
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From the graph we can observe that it is more suitable
to apply the diamond wheel to grind Titanium - VT9 by
given cutting conditions. The depth of the cut most sig-
nificantly affects residual stress. When grinding titanium
at small depth of the cut (0.005mm), there occur tensional
stresses as we can see in Figure 7. When we increase the
depth of the cut there occur tensional stress and in case of
further increase tensional stress rises as we can see in Fig-
ure 7.

In case VT9 and the application of the diamond grind-
ing wheel the limit of a shift of compressional stress to
tensional stress moves to smaller depths of the cut 0.005
mm. Their size, direction and distribution are affected by
system vibration, cutting speed, sparking and the applied
grinding wheel.

The fact that stress by higher feed was evaluated as
worse according to the measurement is not so significant.
They are roughing cycles followed by finishing ones.
More important is the value of stresses by 0.005 mm and
0.01 mm as they are finishing cycles.

We applied the cutting fluid Emulzin H 2% that posi-
tively affects residual stress. The cutting fluid decreases
cutting force and positively affects an amount of heat that
originates in the spot of cutting. Thermal and mechanical
properties of the machined material affect a size and dis-
tribution of residual forces after grinding. A significant
role by residual stress plays also heat strength of the ma-
chined material (strength, hardness and toughness). From
measurement we also can observe where there is residual
stress higher in case of the diamond wheel than in case of
the wheel STG. Moreover, contact heat is also higher in
case of the diamond wheel.

Surface roughness after grinding

As titanium belongs to hard materials, when it is
ground typical is an increase of components of cutting
force and strain of the grinding wheel regarding heat con-
centration in the cutting zone. Titanium grinding is more
complicated than grinding of common materials from the
standpoint of a selection of cutting conditions which
markedly affects surface roughness. To obtain suitable
roughness parameters a lower cutting force is recom-
mended when grinding of titanium together with small
feed depths, namely 0.03 mm.

Surface roughness after grinding was measured by the
surface profile tester measuring instrument HOMMEL
WERKE LV - 100, Fig. 8. To measure surface roughness
of samples we used the simple software for surface meas-
uring DASYLab 8.0.

Fig. 8 The surface profile tester measuring instrument
HOMMEL WERKE LV - 100

25 DIA Ra
m
L ]2 B A5O3 Ra
15 ’ ‘
3 |
? 0.5 |
0
0.005 0.01 0.015 0.02 [mm]
— ap

Fig. 9 Graph of dependence of Ra when grinding Titan
VT9, ve = I8 m.s ', vy = 4 m.min"!

The graph of dependence of Ra by grinding of Tita-
nium VT9

From measured values in Figure 9 we can see that it
is more suitable to use the grinding wheel 5STG from the
standpoint of surface roughness. Surface roughness in
case of grinding by the diamond grinding wheel is worse.
Itis caused by the number of grains. The number of grains
contributing to a removal of the same volume of metal is
much lower than in case of the wheel Al,Os. Grinding
grains of the diamond wheel are of a different shape com-
pared to grains of 5TG as well as other mechanical, ther-
mal and frictional properties. We can observe that in cap-
tured chips in their thickness and shapes.

It is necessary to mention that grinding of titanium al-
loys without fluids can cause decreased quality of the
ground area, low productivity of grinding, a high con-
sumption of abrasives and a formation of residues on the
grinding wheel. The emulsion forms a barrier between the
ground grain and ground material and thus decreases neg-
ative phenomena by grinding.

3 Conclusion

Machining of titanium alloys is still complex despite
fast technology development. There originate still new is-
sues that cause a machined surface of bad quality (rough-
ness, tensional stress, dimensional inaccuracies). These
are also resulting of cutting forces and heat formation
caused by machining. Due to heat there originate high re-
sidual stresses and that affects surface quality. Despite all
above stated, many of the issues are easy to avoid and
eliminate by means of experimental measurements, appli-
cations of different grinding wheels and parameters.

Experimental verifications were aimed at grinding of
the material VT by the grinding wheel from 5TG grains
and the diamond wheel. They show surface roughness,
cutting forces and residual stress that directly affect integ-
rity of the machined surface.

As we can observe in the taken experimental measure-
ment, when grinding the specified material by the dia-
mond wheel we obtained lower values of the component
of the cutting force F.by lower values g, and the lowest
residual stress which resulted in an application of the cut-
ting fluid Emulzin — H 2% and it has a positive impact on
heat transfer from the cutting spot. However, when ap-
plied the grinding wheel from 5TG grains we reached
lower values of F. by higher tested values a,. Surface
roughness was better in case of this wheel by all applied
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removals.

From the above-stated we may assume that by the
given cutting conditions is more suitable to apply the
wheel 5STG by a, = 0.015 and 0.02. By a, = 0.005 a 0.01
is very important to define which from the integrity sur-
face parameters is significant for a given product.

Acknowledgement

The article was made under support grant project
KEGA 022ZU-4/2017 Implementation of on-line educa-
tion in the area of precise technologies with an impact
on educational process to increase skills and flexibility
of students of engineering fields of study.

References

[1] ZHENG LI 1 & WENFENG DING1 & CHAOIJIE
LIU1 & HONGHUA SU1...Grinding performance
and surface integrity of particulate-reinforced tita-
nium matrix composites

[2] PETRU, J. - SCHIFFNER, J. - ZLAMAL, T. -
CEP, R. - KRATOCHVIL, J. - STANCEKOVA,
D. (2016). Chip breaker of cutting tool and its in-
fluence at dynamic force of machining titanium al-
loy TI(6)AL(4)V. In METAL 2016 Conference
Procedings of the 25 International Conference on
Metallurgy and Materials, Conference Proceed-
ings, pp. 855-860

[3] ULUTAN D, OZEL T (1994) Machining induced
surface integrity in titanium and nickel alloys: a
review. Int J] Mach ToolsManuf 51(3), 250-280.

[4] JACKSON MJ, DAVIS CJ, HITCHINER MP,
MILLS B (2001) High-speed grinding with CBN
grinding wheels-applications and future technol-
ogy. ] Mater Process Technol 110(1):78-88.

[5] YAO CF, JIN QC, HUANG XC, WU DX, REN
JX, ZHANG DH (2013) Research on surface in-
tegrity of grinding Inconel 718. Int J Adv Manu-
facturing Technology 65(5):1019-1030.

[6] BIGERELLE, M.; GAUTIER, A.; HAGEGE, B.;
FAVERGEON, J.; BOUNICHANE, B. (2009).
Roughness characteristic length scales of belt fin-
ished surface. J. Mater. Process. Technol., 209,
6103-6116.

[7]

[10]

[11]

[12]

[14]

[13]

BIGERELLE, M.; GAUTIER, A.; HAGEGE, B.
(2008). Mechanical modelling of micro-scale
abrasion in superfinish belt grinding. Tribol. Int,
41, 992-1001.

BHAUMIK, S.K; SUJATA, M.;
VENKATASWAMY, M.A. (2008). Fatigue fail-
ure of aircraft components. Eng. Fail. Anal., 15,
675-694.

YI HE, GUIJIAN XIAO *, WEI LI AND YUN
HUANG  Residual Stress of a TC17 Titanium
Alloy after Belt Grinding and Its Impact on the Fa-
tigue Life. Materials in creep-feed grinding

CZAN, A., SAJGALIK, M., HOLUBJAK, 1I.,
KOURIL, K. (2013). Studying of cutting zone
when finishing titanium alloy by application of
multifunction measuring system. Manufacturing
Technology, Vol. 13, Issue 4, pp. 428-431

NOVOTNY, J,  LYSONKOVA, I,
NAPRSTKOVA, N., MICHNA, S. (2017) Re-
search of application possibilities of selected me-
chanically alloyed metal powders, In Manufactur-
ing Technology, vol. 17, no. 5, p. 811-815

PAGAC, M., MALOTOVA, $S., SADILEK, M.,
PETRU, J., ZLAMAL, T., KRATOCHVIL, J.
(2016). Influence of effective milling strategies on
the residual stress. METAL 2016 - 25th Anniver-
sary International Conference on Metallurgy and
Materials, Conference Proceedings 2016, pp. 819-
824

MITAL, D., ZAJAC, J., HATALA, M.,
MICHALIK, P., DUPLAK, J. (2014). Identifica-
tion of internal residual stress of steel after milling
by ultrasound. Manufacturing Technology, Vol.
14, Issue 4, pp.573-578

MLYNEK, R., Titanium, cosmic age metal. On
line: https://korzar.sme.sk/c/ 4401137 /titan-kov-
kozmickeho-veku.html

BIBUS SLOVAKIA, Titanium and titanium al-
loys. - https://www.bibus.sk/

10.21062/ujep/384.2019/a/1213-2489/MT/19/5/855

Copyright © 2019. Published by Manufacturing Technology. All rights reserved.

indexed on: http://www.scopus.com

859


http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=9&SID=3A9bQOGjrCwG7B1oylG&page=1&doc=5
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=9&SID=3A9bQOGjrCwG7B1oylG&page=1&doc=5
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=9&SID=3A9bQOGjrCwG7B1oylG&page=1&doc=5
https://www.scopus.com/authid/detail.uri?authorId=8131551000&amp;eid=2-s2.0-84892659216
https://www.scopus.com/authid/detail.uri?authorId=56007854500&amp;eid=2-s2.0-84892659216
https://www.scopus.com/authid/detail.uri?authorId=56007356900&amp;eid=2-s2.0-84892659216
https://www.scopus.com/authid/detail.uri?authorId=56993480500&amp;eid=2-s2.0-84892659216
https://www.scopus.com/sourceid/21100201938?origin=recordpage
https://www.scopus.com/sourceid/21100201938?origin=recordpage
https://www.scopus.com/authid/detail.uri?authorId=55353565200&amp;eid=2-s2.0-85010750322
https://www.scopus.com/authid/detail.uri?authorId=57190013873&amp;eid=2-s2.0-85010750322
https://www.scopus.com/authid/detail.uri?authorId=43561672700&amp;eid=2-s2.0-85010750322
https://www.scopus.com/authid/detail.uri?authorId=55354124200&amp;eid=2-s2.0-85010750322
https://www.scopus.com/authid/detail.uri?authorId=55654374700&amp;eid=2-s2.0-85010750322
https://www.scopus.com/authid/detail.uri?authorId=56225639200&amp;eid=2-s2.0-85010750322
https://www.scopus.com/authid/detail.uri?authorId=56104955300&amp;eid=2-s2.0-84926488116
https://www.scopus.com/authid/detail.uri?authorId=36992766300&amp;eid=2-s2.0-84926488116
mailto:jozef.zajac@tuke.sk
https://www.scopus.com/authid/detail.uri?authorId=24343497200&amp;eid=2-s2.0-84926488116
https://www.scopus.com/authid/detail.uri?authorId=55667593700&amp;eid=2-s2.0-84926488116
https://www.scopus.com/authid/detail.uri?authorId=43361112700&amp;eid=2-s2.0-84926488116
https://www.scopus.com/sourceid/21100201938?origin=recordpage
https://korzar.sme.sk/c/%204401137/titan-kov-kozmickeho-veku.html
https://korzar.sme.sk/c/%204401137/titan-kov-kozmickeho-veku.html
https://www.bibus.sk/

