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Abstract

Residual stress is well-known to influence the mechanical properties of machined components.
The magnitude and distribution of these stresses are critical to determine the component’s life,
specifically under fatigue loading. There exists a growing need to better understand the effects of
cutting parameters on residual stress and to identify more innovative methods to evaluate residual
stress. Titanium has been widely used, but many of the same qualities that enhance titanium’s
appeal for most applications also contribute to it being one of the most difficult to machine
materials. High-speed cutting experiments were conducted on commercially pure (CP) titanium
and the residual stress depth profile was analysed using energy dispersive diffraction (EDDI). The
residual stress depth profile of CP Grade 4 titanium was then evaluated. Experimental results
show that cutting speed and depth of cut have a significant effect on the residual stress profile. At
a low cutting speed, the surface residual stresses are largely compressive, becoming less
compressive with an increase in cutting speed. An increase in depth of cut also introduces more
compressive residual stresses into the material.
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1 INTRODUCTION

Titanium and its alloys are extensively used in the
aerospace, biomedical and automotive industries [1,
2, 3]. These widespread applications are due to their
excellent mechanical properties and biocompatibility
[4, 5]. Commercially Pure (CP) titanium found a
niche in medical applications [3, 4]. This is mainly
due to its superior biocompatibility, osseo-
integration properties, high chemical inertness of the
oxide that covers its surfaces and its mechanical
properties compared to other metallic implant
materials [3, 6, 7]. The demand for long lasting
implants has increased significantly in the past
decade and it is projected that the demand for some
implants could grow by as much as 600% from the
present rate by 2030 [8]. The machinability of
Titanium (Ti) alloys still remains a challenge,
because of the material’s high temperature chemical
reactivity, low thermal conductivity and low modulus
of elasticity [9]. The material's low thermal
conductivity results in rapid heat build-up and strong
adhesion at the tool/work interface. The high
chemical reactivity causes the Ti-material to weld
onto the cutting tool; or for diffusion to occur
between the materials. Work hardening also occurs,
causing titanium to exhibit little or no edge built-up,
resulting in a high shear angle and a small chip-tool
contact area [5, 10]. Material characteristics and the
complexity of the design of titanium components
also add to the cost of machining, since a
considerable amount of stock material has to be
removed from primary forms such as forgings,
plates and bars. In some instances, as much as

90% plus of the primary form’s weight are removed.
The material is therefore generally considered as
difficult to machine (see Figure 1 [11]).
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Figure 1 - Comparison of the machinability ratings
of some popular materials [11]

The high cost associated with the use of titanium
and its alloys is attributed to the complexity of the
extraction process, as well as difficulties
experienced during melting, fabrication and
processing. Machining is an important value-adding
process in the manufacturing of titanium
components. Low cutting speeds, low feed rates
and excessive tool wear also add to the cost
associated with the machining of titanium and its
alloys [12]. Therefore, machining of Ti-materials is
generally time consuming and consumable intensive
[13]. Manufacturing processes to change the shape
or modify the component's surface and
microstructure, subsequently result in temperature
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gradients and/or plastic deformation. These
alterations induce residual stress fields on the
surface and in sub-surface layers of the shaped
part. The increased problem of strong adhesion at
the tool/work interface, at elevated temperatures
and low thermal conductivity of titanium contribute to
the emergence of non-uniform, high residual
stresses on the surface and subsurface of Ti-
components [14]. Since Ti-alloys are used in the
aerospace industry the characteristics of the
machined surface have to conform to aerospace
regulations [15] for these applications. If the work
piece is exposed to oxygen and nitrogen at high
temperature (high v¢), these elements will diffuse
into the base material and make the components
brittle. Both oxygen and nitrogen stabilize the a-
phase and create a so called a-case, on the surface
of the work piece. This forms part of the effect
known as material burn and a test called ‘Blue Etch
Method’ has been developed [16] to detect the
brittle parts. Surface integrity involves the outermost
surface layers of a machined component (see
Figure 2). It consists of topography effects such as
surface roughness (R,), changes in the metallurgy
(phase transformations and inclusions) and the
introduction of other surface layers such as oxides
and contaminants. Mechanical effects such as voids
and cracks; and deformation layers that influence
the mechanical property changes (typically
hardness) also play a role.
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Figure 2 - Typical cross section of a machined
surface [17]

The depth and the properties of the work-hardened
layer that lies above the substrate are a result of the
machining conditions. Residual stresses occur in the
vicinity of this layer of the surface, if the material is
subjected to non-uniform deformation or severe
temperature gradients [18]. A thin oxide film, which
is always created on a Ti-surface, forms above the
work-hardened layer [19]. These oxide layers are
generally much harder than the substrate making
oxides brittle and abrasive [18]. If the a-case exists,
it is formed beneath this thin oxide film. The
presence of these stress fields can have a
significant effect on the performance of the
component. Generally, a process that results in near
surface residual compression is beneficial and
enhances resistance to failure. In contrast, a
process that produces residual surface tension
usually aids the onset of cracking which in turn can
adversely influence the fatigue life of a component
[20]. Knowledge of the residual stress state in a
machined component can be critical for quality

control of surface engineering processes and is
considered essential when performing an accurate
assessment of component life under fatigue loading.
Furthermore, residual stresses locked-in after
material processing can also affect the corrosion
characteristics of a component. In order to predict
the influence of residual stress fields on a material
or component’s behaviour, it is essential to have an
accurate knowledge of the depth, magnitude and
direction of the stresses generated. Practically all
fatigue failure initiates at the surface and there is
ample evidence that fatigue properties are sensitive
to surface conditions. Factors which affect the
surface fatigue of a component can be roughly
divided into three categories, (1) surface roughness,
(2) alteration of the fatigue strength of the surface
metal, and (3) the residual stress condition of the
surface [21, 4, 11]. Oxidation and corrosion also add
to the deterioration of the fatigue properties. In order
to stay competitive in the Ti-machining market,
manufacturing companies generally tend to focus on
high precision and effective small volume production
of complex Ti-components. It is considered essential
to achieve the highest machining efficiency, while
minimizing the costs associated when machining Ti-
components. In order to add even more value and
further expand the production of Ti-components,
deeper insight into the residual stress distribution of
machined components are required to ultimately
surface engineer these components to the preferred
compressive residual stress profile. Therefore, it is
important to evaluate the effect of varying cutting
parameters on the residual stress profile of these
components, to insure high quality finished parts.
The challenge is that there remains an unspecified
intermediate region with respect to the accessible
near surface zone, ranging between 10-100 pm,
where the conventional X-ray methods are no longer
effective and the neutron methods are not yet
sensitive [22]. In this research study the effect of
high cutting speeds on the surface finish and
residual stress depth profile of CP titanium (Grade 4
- UNS R50700) were investigated using energy
dispersive diffraction (EDDI) techniques. Applying
EDDI in reflection geometry, using white
synchrotron radiation between about 10 and 100
keV, allows for residual stress evaluation in the
intermediate surface zone (at approximately 10-100
pum). Based on the sin2y-measuring technique, the
residual stress depth profiles of machined CP
titanium were evaluated. The surface roughness
was also measured and R, data recorded.

2 COMMERCIALLY PURE TITANIUM

Titanium exists in two allotropic modifications: a
high-temperature, body-centered crystalline (BCC)
lattice and a low-temperature hexagonal close-
packed (HCP) lattice. Titanium alloys are also
divided into four categories by phase composition,
namely a-alloys, near a-alloys, o/f3-alloys and R3-
alloys [23]. A-Titanium exists at temperatures below



882°C, and B-titanium at higher temperatures up to
the melting point [21]. This investigation will focus
on CP grade titanium with a HCP a-phase structure.
Single-phase  a-alloys are solid  solution
strengthened by the addition of a-stabilizers or
neutral alloying elements. The a-alloys are stable
and have desired high temperature properties, but
are not amenable to heat treatment for
microstructural property modifications. As a single-
phase material, CP grade titanium’s properties are
controlled by chemistry (iron and interstitial impurity
elements) and grain size. CP titanium is classified
into grades 1 to 4, depending on the strength and
allowable levels of the elements iron, carbon,
nitrogen, and oxygen. Of these grades CP (Grade 4)
titanium is the strongest, with a minimum vyield
strength of 485 MPa [10]. It also has the highest
allowable oxygen and iron content of the Ti-grades.
CP (Grade 4) combines the excellent resistance to
corrosion and corrosion fatigue with high strength. It
is not subject to grain boundary embrittlement or
sensitization at elevated temperatures, which makes
it competitive with stainless steels and nickel alloys
in  many corrosion resistant applications [4].
Considering the specific strength of the material, CP
titanium (Grade 4) outperforms S3169 austenitic
stainless [11, 5]. Thermal properties for CP titanium
are presented in Table 1. These unique properties
also result in high cutting temperature, short tool life
and high levels of tool vibration, similar to most Ti-
alloys.

Thermal Expansion
Thermal Co-efficient Beta Melt
conductivity 0- Transus | Range
4 1. | 0-100°C | 300°C
[W.m K ] [106 K'l] [106 K [°Cil5] [QCi].S]
k
]
16.3 8.6 9.2 949 1660

Table 1 - Thermal properties of CP titanium

Difficulties experienced during machining include
high cutting temperatures and high cutting forces in
the immediate vicinity of the cutting edge, leading to
catastrophic tool failure. Also, during machining of
titanium high levels of chatter (self-induced
vibration) can be experienced, due to the low
modulus of elasticity of titanium, especially for finish
cutting thin-walled components [11].

Slender parts tend to deflect under tool pressures,
which results in rubbing rather than cutting. Rigidity
of the entire system is consequently important, as is
the use of sharp, properly shaped cutting tools. In
general, low cutting speeds, heavy feed rates, and
copious amounts of cutting fluid are recommended
when cutting titanium and its alloys [15].

3 RESIDUAL STRESS AND ENERGY-
DISPERSIVE DIFFRACTION

Knowledge of the magnitude and distribution of
residual stress fields in a component is considered
essential when assessing fatigue life. Non-

destructive, phase selective analysis of residual
stresses caused by material processing in
polycrystalline samples is usually performed by
diffraction. Elastic strains are measured and residual
stresses are calculated from the elastic properties of
the materials concerned. Diffraction techniques can
employ conventional X-rays, synchrotron radiation
or neutrons [24]. The determination of residual
stresses requires a detailed understanding of the
processes responsible for the stresses and of the
elastic and plastic properties of the materials being
investigated. Using X-ray and neutron probes,
respectively, complementary information on the
residual stress distribution in the near surface region
and the volume of the material is available. Residual
stress evaluations of machined samples were
conducted at the Berlin synchrotron storage ring,
known as the BESSY. This storage ring utilizes an
energy dispersive diffraction (EDDI) technique. The
EDDI beamline utilizes a high energy white photon
beam with a 13.5 keV critical energy at 1.7 GeV
provided by a 7T multipole wiggler [22].

4 EXPERIMENTAL SETUP AND DESIGN

In order to determine the residual stress after
cutting, the CP titanium samples were prepared by
machining two billets (=75 mm) using an Efamatic
CNC turning lathe with a maximum spindle speed of
6000 r/min. The properties of the CP titanium are
shown in Table 2. An initial cut (clean cut) with a
depth of cut of Imm at 70 m/min was performed
before sample cutting commenced to imitate primary
machining operations and to ensure a uniform
cutting surface on both billets.

. Tensile Yield strength |  Elastic
PElls) strength (oy) modulus
[kg/m3] [MPa] [GPa]
4540 700 550 104.1

Table 2 - Properties of the experimental CP titanium
(Grade 4)

The samples were machined over a 25mm span of
the billet (with approx. 30m total cut length) to
ensure stable machining conditions as shown in
Table 3. The cutting speeds were varied from 70 to
300 m/min at a fixed feed rate of 0.2 mm/rev.

Depth of cut DOC | 0.25mm &1 mm
Feed rate fq 0.2 mm/rev
Cutting speed Ve 70-300 m/min
Cut length I 30m

Table 3 - Cutting parameters for the experiments

So-called roughing cuts were conducted at a depth
of cut of 1 mm, while it was reduced to 0.25mm for
finishing cuts. Cemented tungsten carbide H1P
(Sandvik Coromant) tool inserts, without chip
breaker technology were used. A new cutting tool



surface edge was used with each cut, to ensure
comparable results. These 80° rhombic shaped
inserts have a tool nose radius of 0.8 mm and an
entry angle of 95°. The cutting force and tool
temperature were recorded to identify any
mechanical or thermal irregularities during the
cutting operations. Surface roughness
measurements were conducted after machining
using a Hommeltester T8000 R60-400. The surface
roughness average (R,) values were documented
for comparison. Sections of the billet were removed
by wire EDM to ensured minimal disturbance of the
turning induced residual stresses. A schematic of
the experimental is shown in Figure 3. A 1x1 mm?
photon beam is generated that is reduced to 0.5x0.5
mm? at the experimental station. It has the capacity
to resolve residual stresses for titanium up to a
depth of 100 ym.
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Figure 3 - Schematic view of the experimental setup
at the synchrotron storage ring, known as
the BESSY

The average measurement volume was 50 pm3.
The specimen was mounted on a 5-axis Eulerian
saddle (shown in Figure 4) and aligned using an
integrated laser pointer and CCD camera system.

Figure 4 - CP titanium (Grade 4) sample mounted
for EDDI residual stress evaluation

For each 25 mm span, three measurement points
were selected representing the beginning (A),
transition (C) and end (B) of the cutting process as
shown in Figure 5. Measurements were done for @
angles of 0° and 90°, assuming no residual shear
stresses at depths varying from approximately 10-
100um.
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Figure 5 - Experimental sample and diffraction
geometry of the EDDI test apparatus

The 0° and 180° orientation corresponded to the
direction of the specimen which is transverse to the
cutting direction (x-axis) while the 90° and 270°
corresponded to the metal cutting direction (y-
axis)0. The (psi) w angle was varied from 6 to 80° in
order to alter the scattering vector. Data sampling
for the four directions at each point took
approximately one hour.

5 EXPERIMENTAL RESULTS AND DISCUSSION

Typical representative residual stress data from the
EDDI for 01, and 05, are presented as a function of
depth (1) in Figure 5 and 6. The legends in these
figures show the most dominant reflection angle at a
specific depth (t) from the surface of the material. In
general the near surface residual stresses were
compressive for all speeds and cutting depths
tested. The maximum compressive residual
stresses were measured near surface (13.6 pm)
and tended to decrease with and increase in depth.
This maximum compressive region extended to
approximately 40 um for the 0.25 mm depth of cut
and approximately 60 um for the 1.0 mm cut. The
larger cut depth implies higher heat input therefore
extending the affected zone. Cutting forces and tool
temperatures were monitored during cutting
operations. Irregularities (sudden increases in
cutting forces and temperatures) were noted for the
highest cutting speeds at extended cut lengths just
before rapid tool degeneration (failure) occurred.
The main cutting force remained largely constant as
a function of cutting speed although a slight
decrease was observed at the highest speeds.
Typically the cutting force for the 1 mm cut
decreased from approximately 410 N (70 m/min), to
375 N at 300 m/min. The 0.25 mm cut decreased
from approximately 120 N to 100 N for the same
speed range. This is largely because of the thermal
softening effect associated with the increased heat
rate at the higher cutting speeds.
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Figure 5 - EDDI Residual Stress analysis of the g4,
stresses of Grade 4 (300 m/min, 0.25 mm
with 0'332"'0)

Surface finish was monitored but no clear trend
could be observed except that the best surface
finishes (Ra 1.3-1.5 pm) were obtained in the
intermediate cutting speed ranges (150-250 m/min).
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The maximum compressive residual stresses
obtained (usually near surface at 13.6 um) are
plotted as a function of cutting speed in Figure 7. In
general the near surface residual stress is
compressive with maximum values of approximately
350 MPa measured. This corresponds to 50% of the
yield stress. The residual stresses associated with
the main cutting direction and the transverse
direction is similar although the transverse direction
is usually slightly smaller. In general an increase in
cutting speed leads to a reduction of the residual
stress, the highest cutting speeds displaying the
lowest residual stresses. This is because of the
complex interaction between the plastic deformation
that tends to induce compressive residual stresses
and the thermal effects that tends to induce tensile
residual stress. An increase in cutting speed leads
to a higher thermal load rate that leads to higher
cutting temperatures. The thermal effect then starts
to dominate leading to less compressive residual
stresses or more tensile stresses. If it is assumed in
general that compressive residual stresses are most
beneficial for fatigue purposes then low to
intermediate cutting speeds would lead to the most

beneficial surface. This is assuming that no dramatic
change in the residual stress profile occurs within
the first 13.6 um depth. The nearest actual surface
stresses should therefore also be determined.
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Figure 7 - Residual stress vs. cutting speed of
machined CP titanium (Grade 4)

6 CONCLUSION

The EDDI technique has been shown to be an
effective tool in measuring subsurface residual
stress fields for Grade 4 titanium alloy between
depths of 13.6 and 100 pm. Surface X-Ray
diffraction and higher energy techniques should be
utilized for nearest surface and extended depth
probing of the machined residual stress field. In
general the residual stress field for machined Grade
4 titanium alloy is compressive with maximum
compressive stresses of 50% of yield measured.
This field extends to approximately 50 um’s, but is a
function of the cutting conditions. An increase in
cutting speed leads to a reduction in the absolute
compressive stress up to cutting speeds of 300
m/min.
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