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Titanium and Technological Problems of Its Machining
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Titanium is considered to be the metal of the 21st century . A material which has small density (at least two-three
times smaller than iron), plasticity, shapeability, high resistance, rigidity and longevity has been required for a long
time. It is required not to loose those features at high temperatures, be non-degradable in air, river and sea water,
not to be soluble in acides and lyes; at the same time, it requires to have sufficient amount in terrestrial crust.
Titanium is such a material. Due to its specific qualities, its applications have been spreading into many areas such
as medicine (implants), space (material for space technology), chemical facilities, ships for marine transport (re-
sistance to acids and salts), wall hooks for climbers (low density and high rigidity), ... However, titanium mecha-
nical features lead to new problems during its technological machining. It is necessary to apply considerably diffe-
rent approach in its cutting. During cutting, titanium and its alloys behave specifically and it is important to know
this behaviour and use it for effective part production.
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1 Titanium characteristics

Titanium possesses ordinal number 22 in Mende-
leev’s period table. Its neutral atom consists of a nucleus
containing 22 protons and a set of 22 electrons. The num-
ber of neutrons ranges from 24 to 28. This is the reason
why the number of titanium isotope differs. Titanium can
be enriched with some metals which increase its durabi-
lity by ten- to thousand-times. For instance, they are Zr,
Ha, Ta, W. By adding 20-30% Mo, titanium corrosive sta-
bility similar to the one of gold can be obtained. Titanium
is difficult to smelt. The temperature of pure titanium
smelting is the highest of all construction materials:
1668°C. Titanium has high tenacity and this is the reason
why it is well resistant to cavitation. It is a suitable mate-
rial for screw-propellers. It has a special feature — shape
memory. In the alloy with some metals, for instance nic-
kel, it remembers the shape of the part which has been
produced at certain temperature. For example, if a spring
is turned from the material in hot state, during heating to
the temperature at which it has been produced, it returns
to the original shape. This is used in space (opening of
previously folded antenas), medicine (a wire is lead into
stenotic vessel which coils into a spring at the body tem-
perature and spreads the vessel). Titanium has small heat
conductivity (A =0.071 J.em™.s"'.°C"") which is three-ti-
mes smaller than the iron one’s. The linear heat conducti-
vity coefficient at room temperature is 8.5x100.9C™!. The
electric conductivity at room temperature is 42.1x10°¢ Q
.cm. It is a typical paramagnetics. However, it also has
some negative features. It is prone to self-ignition, and is
combustible in some cases. In the form of a delicate chip
or powder it can ignite even without air supply. Titanium
preserves its mechanical features up to high temperatures
(400-500°C). Tt is not damaged up to the temperature —
2359C. It belongs among light metals. Its density is 4.517
g.cm?. It means it is 1.4-times heavier than aluminium
and 1.5-times lighter than iron. However it does not pre-
decede them in rigidity. At higher temperatures it absorbs
gases, mainly oxygen and nitrogen by which its plasticity
decreases and its rigidity and hardness grow (this is used

in blades of gas turbines) [5]. Pure titanium is rigid, hard,
tough plastic metal. Its HB is around 1000 MN.m? , E =
108 tis.MN.m?2, R. = 250 MN.m2. It has the biggest
friction coefficient from all metals therefore it is not sui-
table for parts which are in friction contact with other
parts (leads, friction bearings).

2 Problems of titanium machining

Machining is harder due to titanium high friction co-
efficient. Titanium sticks to tool working areas. There is
practically no slide of chip along the tool face. The area
of contact of the chip with tool face is very small. Great
pressures and temperatures occur on this area. Heat abs-
traction is hindered due to titanium small heat conducti-
vity. Sticking of titanium elements on tool changes its ge-
ometry and quickly loses its ability to machine. Diamond,
which has the smallest friction coefficient among cutting
materials, is a suitable tool material.
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Fig. 1 Mechanism of chip creation for titanium machi-
ning

N

Titanium and its alloys rank among materials which
are difficult to machine. Character of machining differs
greatly from machining of other metal materials. Tool du-
rability is very small as a result of the deformation of
cutting wedge and the increase of the radius of cutting
edge rounding. Heat concentrates into a narrow area in
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tool cutting wedge because titanium small heat conducti-
vity hinders heat abstraction into the chip and workpiece.
On the other hand, cutting forces and consummed perfor-
mance is considerably smaller than when steel is ma-
chined. The problem is based on the fact that the chip is
not smooth but consists of elements which are created as
a result of high friction coefficient between tool and cut
materials [7], [8]. The chip does not leave along the tool
face but upwards and creates segments as a result of peri-
odic slides in material (Fig. I).

Gradual compression of creating chip segment pushes
the segment up. The contact between the created segment
and a new one gradually moves as a result of straighte-
ning teh segment away from the tool side. The speed of
chip movement along the tool face will be equal to the
speed of chip element compression. Because the slide has
been created and spreads quickly it will move the creating
element in the direction paralelly with the area of slide.
This must basically speed up shifting of the element. This
part of a cycle which is distinct by the segment movement
along the tool face has periodic break-offs which are cha-
racterisedby the fact that minimal force is necessary for
the segment to be compressed.

In Fig. 2 there is a photograph of creating chip [11].

It can be seen that the intensity of plastic deformation
in the chip is greatly variable. In the center of elements
there is little deformed structure, ammong segments there
occurs periodic adiabatic slide. Chip segmentation is pro-
bably linked with unstable character of deformation
which is conditioned by mutual influence of two mecha-
nisms.

e Decrease of rigidity influenced by the heat of

friction and deformation

e  Deformation reinforcement

b)
Fig. 2 Creation of titanium chip, a-view, b-metallo-
graphic thin section

Creation of stripes of concentrated slide is connected
with material bad heat conductivity. Observation of chip
creation by speed camera has shown alternating break off
of chip movement the reason of which could be welded
connections of chip and tool. This explains high intesive-
ness of tool wear.

Great slide can be seen on segment borders. Conside-
rable deformation can be seen on the rear side of the chip
which was transition area of workpiece before - Fig. 3.
As it can be seen, there often occurs complete separation
of different chip elements.

Fig. 3 Photography of titanium chip from line micros-
cope

Positive aspect is the fact that when titanium is ma-
chined there is no problem with chip shaping. The chip is
elementary, not very compact and falls apart when it hits
an obstruction. Chip shaper is not necessary on the tool.
Negative effect of the described mechanism of chip cre-
ation is self-initiated tool oscillation.

The graduality of phenomena when segmented chip is
created can be divided into two stages.
e In the first phase, plastic instability is recorded

which leads to the localisation of deformation
along the area of sliding. This area starts on the
cutting edge and first it is oriented in the di-
rection of cutting speed vector, next it bends up
where it crosses the cut area. Slide disruption of

526

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



June 2019, Vol. 19, No. 3

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

the chip appears on its outer side in a form of fis-
sures and on the inner side in a form of heavily
deformed stripes.

e Inthe second phase, gradual straightening / smo-
othing of semi-wedge (inclined side of chip seg-
ment) oriented towards cut material as a result of
tool relocation. As a result of this, chip thickness
will approximately equal the thickness of cut-off
layer.

This lead several authors to misinterpretation that
when titanium is machined, there is a large angle of the
border of primary plastic deformation. It means that chip
compression should equal 1, which is in contradiction
with the laws of plastic deformation (content conserva-
tion law). The use of term ,,slide angle* does not suit this
case. The process of deformation in this narrow stripe is
very probably an adiabatic slide. The disruption occurs as
aresult of compression from bordering metal layers (a
case of areal deformation). Alongside the chip, the mate-
rial is free and not held by anything (areal voltage state),
which allows the segment to spread and create fissures.

In this connection there occurs a question how to eva-
luate the parameter of chip compression in this case. Clas-
sical process is based on measuring the thickness of cut-
off layer and the chip thickness according to Fig. I.
However, value /; is argumentative. Chip thickenss can-
not be identifed by geometric measurement (% from Fig. /
is just estimated value). It is necessary to use the
following procedure. The caught chip of certain lenght
and known density of cut material is considered, by coun-
ting mean chip compression from the following equation:

I — 100.m,

= 1
l.y.S M

where:

my is chip weight, length /i, g

S — cut cross-section area (apxf), mm?
Iy — caught chipt length, mm

y — cut material density, g.mm™

3 Some experimental results
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Fig. 4 Experimental dependence of cutting force on
cutting speed when turning titanium and steel

Frequent titanium alloy VT 3-1 (5,5-7%Al; 2-3%Mo;
1-2,5%Cr; 0,15-0,4%Si; 0,2-0,7%Fe) has been used in
experimental turning.

As it has been presented, cutting forces are smaller
than the ones working during steel turning in spite of
higher titanium rigidity. In Fig. 4 there is an experimental
dependence of cutting forces on cutting speed for both
observed materials.
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Fig. 5 Experimental dependence of chip compression on
cutting speed for steel C45 and titanium alloy VT 3-1
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Fig. 6 Experimental dependence of chip compression on
shift for observed materials

In whole range of observed cutting steels, cutting for-
ces are considerably smaller for titanium turning. While
for steel minimum force can be identified approximately
at cutting speed 20 m.min"! and maximum at cutting
speed, in given case, cca 60 m.min’!, titanium behaves
completely differently. Cutting force continually decre-
ases up to the cutting speed 60 m.min’!, then it slightly
increases.

Chip compression depending on cutting speed evalu-
tated with the use of equation (1) is shown in Fig. 5.

As it can be seen, the course of both dependences is
dissimilar. It approaches 1 at higher cutting speed for ti-
tanium. It is given by the mechanism of creating elements
where regular adiabatic slides occur while in the center of
elements, material is deformed minimally (Fig. 2).

Depending on the shift for both materials, the course
is different in absolute values but it continually decreases

(Fig. 6).
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Specific mechanical features of titanium are conditi-
oned also by the mechanism of tool wear. In Fig. 7 there
are experimental curves of dependences of tool wear on

back depending on machining time and cutting speed ob-
tained during turning of titanium alloy VT 3-1 by the tool
of sintered carbid P20 with coating TiC.
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Fig. 8 Experimental dependence of tool durability on

cutting speed
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Fig. 9 Experimental dependence of the highest height of

uneveness of machined surface on cutting speed when
machining steel C45 and titanium alloy (r: = 0.8 mm).
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Fig. 10 Measuring of contact temperature between the
chip and tool face. 1- tool, 2-ceramic cutting plate, 3-in-
sulation, 4-platinum wire, 5-workpiece, 6-chip, 7-mili-
voltmeter, 8 -clamping screw.

As it can be seen, the intensiveness of tool wear grows
sharply with growing cutting speed. It can more demon-
stratively be seen on dependence 7-v, obtained from Fig.
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5 with blunting criterion VBy = 0.8 mm, in Fig. 8.

It is a typical hyperbolic dependence, it documents
much smaller tool durability than at steel machining in
the whole range of these cutting speeds. It is followed by
the inadvisability of higher cutting speed than 60 m.min"
!. A general rule for the selection of cutting speed can be
presented; it should approximately be one-tenth of the

one for machinig steel (v, = 0,1.v g, ) for the same

cFe
used cutting material.

Quality of machined surface is an important parame-
ter of titanium cutting [2] [8], [10]. In Fig. 9 there is an
experimental diagramme of dependence Rz-v..

The course of dependence is considerably different
from steel turning. At minimal cutting speeds, Rz grows
for both steel and titanium as a result of fissure-making
process of chip creation. Similarly to steel, it reaches mi-
nimum cutting speeds around 20 m.min’'. With the

increase of cutting speed over 20 m.min"! Rz continually
worsens when titanium is cut. Cutting speed higher than
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60 m.min"! is not suitable for titanium machining. The ex-
periment could be conducted at higher cutting speed only
in the course of several seconds because there occurs
spontaneous tool wear [12]. In whole range of cutting spe-
eds up to 60 m.min! the quality of machined surface of
titanium is much better than the one of steel. After that,
however, it crosses it up to the value of 90 m.min"'.

In this phase of tests, the temperature of the contact
between the tool and the chip has been compared. To ob-
serve actual temperatures, the principle according to Fig.
10 has been applied.

Two ceramic plates 2 are clamped in the tool holder 1
with a screw. One of them has a groove grinded in and
a platinum wire 4 is inserted into it. When the wire tou-
ches the chip, milivoltmeter immediately records the va-
lue of thermoelectric force between the chip and the tool
face. The change of temperature in cross direction can be
recorded by a cross shift ot the tool against the workpiece.
In polongitudinal direction, the temperature is recorded
after the exchange of grinded out plate with a different
groove position.
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Fig. 11 Course of temperatures on tool face for steel and titanium machining in two planes, a-radial, b-axial
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The result of measurement is shown in Fig. 11.

As it can be seen, when titanium is machined, the len-
gth of contact of a chip and tool face is much shorter. At
the same cutting speeds, the temperature of contact is
much higher than the one for steel. Both these facts lead
to higher heat wear of the cutting wedge and by this to the
decrease of tool durability. Wear is shown in plastic roun-
ding of the cutting wedge and the growth of radius 7. This
is why soldered tools must often be sharpened when tita-
nium is machined. By coating the tools, 7, grows which
has negative effect when titanium is cut.

4 Conclusion

It is obvious that titanium and its alloys applications
will spread into different applications in mechanical en-
gineering, chemical, food-processing, aviation and space
industries. Therefore knowing the conditions of economi-
cal machining of this material is important. Physical —
mechanical and chemical titanium features predestine it
for light and rigid constructions. However, it causes con-
siderable difficulties in its technological processing. Ma-
inly its high rigidity causes that higher cutting speeds can-
not be applied. Low heat conductivity causes that during
cutting, heat is not conducted into the chip or workpiece.
It concentrates in the cutting wedge and causes it degra-
dation, after short machining time. It is important that the
cutting wedge is sharp at all times with minimal radius of
cutting edge rounding. This is the reason why the econo-
mical durability of the cutting edge much smaller than the
one for steel machining. High friction coefficient of tita-
nium with any other metal, i.e. also with tool material,
causes problems in chip creation and machined surface.
Due to adhesive connection it is not advisable to use
cutting tools which contain titanium. The chip does not
slide along the tool face but leaves under an angle of slide
deformations @ in a form of little continous elements.

That is why classical knowledge about chip creation,
well-known from steel machining, cannot be used.
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