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Abstract

This study has been made to characterize the plastically subsurface layer after orthogonal cutting of
on high grade Ti-5N unalloyed titanium with a mean grain size of about 0.5 to 1.8mm. A home-made
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sample holder has been specially developed for these experiments and SEM EBSD technique is used to

characterized the subsurface layer. In function of the cutting conditions, we have found in subsurface
glide (when the cutting speed is low) and when the cutting speed is high some compression twins but
also some tension twins which indicated that we have tensile stress state ahead of the tool tip.

Introduction

This present an excellent corrosion resistance combined to high-
strength-to-weight ratio properties, and an elevated mechanical
resistance together with a low density, titanium alloys are one of the
most used materials in the aerospace industries. Despite these features,
some titanium alloys such as Ti555-3 [1] present a poor machinability,
closely related to their thermal and chemical properties.

A lot of works have been conducted to characterise the plastically
deformed subsurface layer submitted to the special case of orthogonal
cutting especially for TA6V alloy [2] or for other materials and cutting
conditions [3]. Chips are formed during metal cutting process and
their micro-structure was investigated together [4, 5]. It is generally
agreed that during metal cutting, the major part of the deformation
energy expended is transformed into heat near the cutting edge of the
tool [6,7]. Depending on the cutting speed, a more or less important
amount of the heat is transferred by a pure conduction process to
the uncut material ahead of the tool, affecting the mechanical and
physical properties of the surface. Because of the temperature rise, it is
generally agreed that shear occurs in the near surface of the material.
This phenomenon is highlighted by the low conductivity of titanium
alloys.

The formation of a “white layer” or of a highly disturbed layer,
the description and the macroscopic mechanical properties of
the mechanical affected zone are some parts of the main problems
discussed in the literature. The depth and the micro-structure of this
deformed layer mainly depend not only on the machining parameter
but also on the mechanical and physical properties of the material.
In conjunction with these studies, new theoretical works have been
presented in view to give a better understanding of the cutting process
using a polycrystalline modeling of the material [8].

The role of machining on the freshly formed subsurface, on the
plastic deformation and on the microstructure damage has been
recently studied using new microstructural technique such as
transmission electron macroscopy (TEM) or/and scanning electron
microscopy (SEM) coupled with electron backscattering diffraction
(EBSD). The study of the microscopic phenomenon arising during
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machining is a difficult task considering polycrystalline material.
Some works have been conducted under different machining process
for different material such copper alloys [9], tantalum [10] but also on
titanium alloys [11].

In the other hand, some works deal with machinability of single
crystals which is discussed from the viewpoint of the chip formation
and surface topography of the worked piece. One of the main results
is that the chip thickness and shear angle varies considerably with
the changing crystallographic orientation of materials being cut
[12]. Moriwaki et al. [13] observed that the thickness of the chip is
influenced by the crystallographic orientation. Some consideration
about the role of the crystallographic orientation has been discussed
in the case of aluminum alloy by To and al [14]. In this last work,
starting with an initial (0 0 1) orientation in an aluminum single
crystal, a rotation towards (1 1 2) and (1 1 1) poles was observed
indicating that a significant amount of lattice rotation occurred in the
deformation layer.

During machining (precision turning) of near-alpha alloy Ti-834
Crawforth and al. [11] determines the effect of cutting speed on the
subsurface damage and its subsequent response to thermal exposure.
They conclude that subsurface plastic deformation was accommodated
in the form of {10.2} mechanical twins and intense slip bands.
Dargusch and et al. [15] have studied the subsurface deformation after
machining of a grade 2 titanium (99,8%). This work depicts clearly
that some semi-quantitative relationships exists between machining
surface speed and the subsurface depth of the deformed layer. They
indicates that if these relationships can be quantified, the reliable
indicator of the degree of subsurface deformation by formation of
twins can be determined.
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The ability of pure titanium to deform by twinning is well established.
The formation of twins has been investigated for a lot of processes [16,
17] according to the grain orientation with respect to the stress state
induced by the process. It appears that the study of twin formation
linked to a cutting process can improve our knowledge of the cutting
process. Based on the experimental examination, these works [16, 17]
try to determine out the twin and twin variant selection rule. This rule
is essentially established to reveal the physical and mechanical criteria
(energy) of variant selection that would be useful for the modeling of
the mechanical behavior of the alloys.

Because, the observation of the plastic phenomenon arising during
machining is a difficult task for titanium alloy, the main purpose of
this paper is to investigate the deformation mechanism induced by
machining of high-grade titanium with large grains.

Experimental Procedure
Studied material

The cutting tests were carried out on high grade Ti-5N unalloyed
titanium (99.9999%). The as-received material presents mean grains
diameter of about 0.5 to 1.8mm. Samples have been provided as
bar in which parallelepiped samples are mechanically cut out. The
starting material can be adequately described as a pluri-crystal, i.e. a
polycrystalline sample consisting in large grains.

Before any cutting processes, samples are prepared in such a way
that the face of the sample parallel to the cutting direction and normal
to the tool edge is carefully polished as for metallographic observation.
Samples are then embedded in mould with resin and fixed on a special
device for the cutting process. The Figure 1 presents the home-made
sample holder specially developed for these experiments.

/ N

Mandrel on which the
sample holders are
fixed up.

Mould in which
titanium samples
are embedded in an
epoxy resin

Titanium samples

@/y Sample holder

| Figure 1: Specific device for the cutting process.

\ 2

Cutting tests

Sample has been cut using turning condition and was performed
on a computer numerically controlled lathe using carbide tools. The
cutting tests are limited to a cutting speed Vc < 10.5 m/s. The rake
angle is 0° and the clearance angle is 7°. The tests were carried out
without lubrication (dry machining conditions). The cutting depth is
fixed to a =0.3 mm and the cutting width is 5 mm. The Table 1 gives
the detailed machining parameters and cutting parameters.

Samples characterisation
Samples were mainly analysed by optical and SEM. Local diffraction
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measurements were carried out using EBSD, based on the automatic
acquisition and indexation of Kikuchi diffraction patterns in a SEM.
EBSD acquisitions and SEM observations were performed on a 6500F
JEOL equipped with the HKL Channel 5 OIM system.

For SEM observations the surface samples were mounted in a resin
and mechanically polished, then etched with Kroll reagent (2% HE,
4% HNO,, 94% distilled water) for 20 seconds at 20°C. For EBSD
measurements, they were mechanically polished and electrolytically
etched, to remove the strain-hardened layer induced by the mechanical
polishing. Proper solution (10% HNO,, 90% CH,OH) at a working
potential of 17 V for 5 seconds was used.

The machined surface (including the machining direction) is always
perpendicular to the polished surface which is observed without any
preparation after cutting.

Ve(m/s) ap (mm) ae (mm)
1.7 0.3 5
2.6 0.3 5
4.2 0.3 5
6.3 0.3 5
8.4 0.3 5
10.5 0.3 5

| Table 1: Cutting parameters.

Results and Discussion

Typical microstructures are shown in Figure 2 for the as-received Ti
5N: the nearly equiaxed grains have an average grain size of 1500 um.
No traces of slip plane and no twins are observed at the surface and
on the cross-section of the samples. The Figure 3 presents the cross-
section of the as-machined material with the lower (3a) and higher
(3b) Vc. The main observation is the formation of three different areas
including two special areas containing highly plastically deformed
material presenting more or less small grains, a plastically deformed
area presenting twins or slip lines, and an unaffected area.

e N

Figure 2: Optical micrography of the observed surface of the high grade
| titanium before cutting.

. 2

It is well known that twinning plays an important role in the
deformation process of pure titanium. For all machined samples, twins
runs from the near sub-surface to the interior at angles depending
on the orientation of the grain before machining. Sometimes, twins
appear to pass through adjacent grains to give another twin with

IJMME, an open access journal
Volume 1(1). 2015. 108


doi:%20http://dx.doi.org/10.15344/ijmme/2015/101
http://dx.doi.org/10.15344/2455-2372/2015/108

Citation: Tidu A, De Saever A, Schuman C, Bolle B, Chevrier P (2015) Machining of Pure High Grade Titanium: Effect on the Subsurface Microstructure. Int J

Metall Mater Eng 1: 108. doi: http://dx.doi.org/10.15344/2455-2372/2015/108

Figure 3: Optical micrograph of the transverse sections a) Vc=
1.7 m/s and b) Vc=10.5 m/s.

/

different orientation. The twinned region contains essentially twins
that can be seen as formed by small and fine twins and an area with
longer and larger twins. Assuming that twin density is linked to the
total twinned area, it is found that the twin density increases with the
cutting speed. This result confirms the results obtained by Dargusch
and al. [15].

If the twinned region shows large and long twins having size
depending on the cutting speed, in the last area away from the
machined surface, only traces of slip lines are observed. They are
limited by (and do not pass through) the grain boundary. By using
simple measurements of the angles of these lines with respect to the
machined surface and orientation given by EBSD measurement, we
clearly show that these lines are compatible with prismatic glide.

For different cutting speed, the widths of these different areas have
been measured and the measured values are depicted in Figure 4.
The width of the twinned area increases with cutting speed while the
width of the plastically deformed area decreases.

The Figure 5 shows that the near sub-surface layer is highly
deformed. The width of this area is about 100pum. The formation of
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Figure 4: Evolution of the width of the twinned and of the
plastically deformed layer according to the cutting speed.

/ N

 Figure 5: EBSD analysis of the sub-surface (Vc=8.4m/s).

/

micro-structured grains during cutting is not a clearly depicted fact.
A careful examination of the EBSD map and micrograph Figure 5
shows clearly that part of twins are observed inside the mechanically
deformed layer. This indicates that twins are formed before the
formation of the deformed layer. The formation of this plastically
deformed layer is the result of the intense stress imposed by the tool
in the material and more specifically on the surface. A thin titanium
oxide layer (lesser than 1um) is also probably formed on the surface.

Beside this first layer, another point is also clearly observed: twins
are curved. The measured disorientation inside the twins using EBSD
mapping, is always lesser than 0.5°. We can explain this by the fact
these twins are dragged towards the cutting direction according to a
shear deformation process. This process is a well known process and
is also observed for polycrystalline material such as TA6V alloy [2].

The crystallographic orientations of the twin and of the prior grain
are determined by EBSD, and then the disorientation between them
can be calculated. Each twin produce_d its own c-axis tilt. In our case,
we obtain tension twin of type T1(1012) , the c-axis are 85° apart from
the prior grain. We don’t measured compression twin C(1122) , no
more tension twin T2 ((1122) .

Note that by EBSD the orientation Euler angles {¢,, @, ¢,} are
determined in the (ND, RD= cutting direction) frame and are
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recalculated for the (RD,TD) frame. The (00.2) pole figures
(corresponding to the c-axis) of the twinned grains can be drawn
(Figures 6¢ and 7c). It is also clearly observed that all grains showing
twins are more or less longer than grains showing plastic slip that are
more equiaxed (Figure 6a and 7a). It is also possible to identify the
variants that have been activated by trace analysis (Figure 6b and 7b).
Schuman et al. [16] and Wang et al. [17] have shown that for cold
rolling and channel die extrusion processes, the choice of the twin is
governed by the following condition: the plastic energy needing for
the propagation (W ) of a twin should be positive. Because T and
y are positive, this condition must also be true in the macroscopic
frame:

>

twin Yl twin frame_aij ijl sample frame

Figure 6: EBSD map and orientation analysis of the c-axis twin
_for a cutting speed of Vc=2.6m/s.

/

where is the critical resolved shear stress required (=shear stress t
in the twin frame expressed in the sample frame for the Tlor C or T2
twins) to activate the twinning system and €’j is the corresponding
twinning deformation (shear y express in the sample frame) We
suppose that a compressive or a tensile force is normal to the plane
of the sample, then the stress tensor is formed as a unique component
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Figure 7: EBSD map and orientation analysis of the twin c-axis
for a cutting speed of Ve=1.7m/s.

\ %

0, then o,= 0, . The twinning system will be active when the resolved
shear stress reaches the corresponding critical value.

The choice of a tension deformation mode can be explained as
follow. The orientation of the prior grain is known, and then it is easy
to calculate the deformation in the macroscopic frame according
to Martin et al. [18]. As a result, we obtain a positive value for €,
for the tension twin and negative value for compressive twin: then
the c-axis is near the ND direction (Table 2). If the strain is positive,
the positivity of the mechanical energy is obtained only for tensile
stress state. Twinning can then only operate for orientations of the
c-axis near the ND direction. In other words, for c-axis near the ND
direction, a compressive state of stress activates compressive twins of
type C: in our case, only tensile twin of type T1 are observed meaning
that the state of stress is tensile.

The zones of activity of the different twinning systems can be
determined for all the c axis positions and for a tensile stress state
parallel to DN. The determination of the Schmid factor (SF) cannot be
sufficient to determine the active variant. It can be easily seen in Table
2 that the variant usedgdoesn’t have the higher SF. In fact, this choice is
also governed by the ﬁ criterion; this ratio must be maximum [16]
where L is the mean free path that can follow the twin in the grain.
Each time a twin variant is formed in a grain, the length of the mean
free path change. This is the reason why the same variant is observed
several times and sometimes other variant depending on the ratio%.

p

\

Tension twin Schmid factor e, Compression twin Schmid factor e,
T1V1 (1012)(1011) 0.460 0.085 CVl1 (1122)(1123) -0.489 -0.105
T1V2 (0112)(0111) 0.490 0.085 CV2 | (2112)(2113) 0.374 -0.091
T1V3 (1102)(1101) 0.487 0.085 Cv3 (1212)(1213) -0.374 -0.080
T1V4 (1012)(1011) 0.490 0.084 Cv4 (1122)(1123) -0.440 -0.085
T1V5 (0112)(0111) 0.476 0.081 CV5 (2112)(2113) -0.489 -0.100
T1V6 (1102)(1101) 0.476 0.082 CV6 | (1212)(1213) -0.440 -0.108

_Table 2: ¢, and Schmid factor for the different variant (bold letter for the used variants in this work).
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Using EBSD measurement and slip line orientation, Thomas and
al. [19] conclude that it is not possible to accurately determine the
resolved shear stress and that the stress state immediately below the
machined surface is rather complex.

Recent modeling experiment has been conduct for titanium alloys
using a polycrystalline model [18]. These results show clearly that
microstructure and related orientation of grains have an influence
on the cutting process. But they don’t take into account the plastic
mechanism inside the grains. The results obtained in these works are
concerned by the final state of stress and does not given the evolution
of the stress in part of the material. But it is well known that when
machining a feed force and a cutting force are active in front of the
tool tip.

According to our observations, it seems that near or in front of
the tool edge, the initial state of stress is tensile as it can be deduced
form the twin analysis. The final state of stress results of the successive
mechanisms: tensile strain due to the feed force and compressive
cutting force applied to the material. The final state of stress results
of the combination of these different mechanisms and on the
temperature rising during cutting.

Conclusion

This study presents the characteristic of the subsurface of high
grade titanium after machining. It has been established a correlation
between machining speed and the twin density as a function of depth
under the machined surface.

The different observation made in this work cannot evidently be
observed for polycrystalline material because of the smallness of the
grains and on the difficulty in the determination of the orientation of
the slip lines.

We have described the subsurface in three parts. The first very thin
layer which cannot be measured accurately is highly deformed and no
information about its microstructure could be presented. The effect
of the cutting speed on the different width of the plastically areas is
clearly depicted. The width of the twinned region increases whereas
the width of the area showing trace of slip plane decreases. Another
observation is the increasing of the width of the lenticular twins as the
speed increases. This point indicates clearly that the twinning density
which can be seen proportional to the “total twinned surface” evolves
in the same manner. Twinning is the predominant mechanism of
deformation for higher cutting speed while slip is predominant for
smaller cutting speed.

We have shown that a tensile state of stress is responsible of the
formation of twins ahead of the tool tip. To verify our experimental
results, numerical calculations could be made. Actually it is impossible
to explain the twin nucleation and the twin growth because these
phenomenons are still poorly understood in many HCP and also in
titanium.
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