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Abstract

This paper theoretically and experimentally analyses and discusses the material
deformation mechanism of commercial pure titanium (CP Ti) in ultraprecision
machining. One sample with two obviously diverse microstructures is first obtained by
compressive test followed by electropulsing treatment (EPT) for 30 s. Then,
ultraprecision diamond turning was conducted on the specimen to investigate the effects
of grains and twins on the microcrack nucleation and deformation behaviour during
cutting process. The results show that microcracks primarily nucleate in large grains and
thick twins rather that small grains or twins. Furthermore, critical resolved shear stress
(CRSS) and barrier stresses induced by grain or twin boundaries and dislocations are
introduced in the proposed model, which not only compares the deformation difference

between grains and extension twin of {1012} < 1011 > type, but also simulates the
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relationship between resolved shear stresses, cutting shear angles strain rates and

temperature for the first time in ultraprecision diamond turning.

Keywords: Commercial pure titanium (CP Ti); Ultraprecision diamond turning; Grains

and deformation twins; Microcracks; Critical resolved shear stress (CRSS).

1. Introduction

The superior corrosion resistance and high strength to weight ratio of commercial pure
titanium (CP Ti) contribute to its applications in a broad range of biomedical facilities.
For instance, Elias et al. (2008) compared mechanical properties of four grades of CP Ti
and demonstrated their applications in three types of dental implant: osseointegrated,
mini-implant for orthodontic anchorage, and zygomatic. Generally, biomedical
replacements require the materials not only to have essential mechanical properties, but
also to possess sufficient surface precision and form accuracy in order to satisfy
applications on hard tissue substitutions of humans; hence, precision finishing or
surface improvement of CP Ti is particular necessary after rough machining. However,
Muhammad et al. (2014) reported that the inherent nature of inferior thermal
conductivity, chemical reaction at high temperature, and low modulus of elasticity,

brings great challenges in machining titanium and its alloys.

Ultraprecision diamond turning is an advanced and efficient technique for
manufacturing high precision components with surface roughness at nanometric level
and form accuracy in the submicrometric range, and no subsequent finish machining is
required, as demonstrated by Cheung and Lee (2000). The effects of material
microstructures, such as crystal types, crystalline orientations as well as grain or twin

sizes, have been attracting a great amount of attention for several decades in diamond



turning. Furukawa and Moronuki (1988) compared the cutting force variation in
polycrystal, single-crystal and amorphous materials. They found that cutting forces vary
at grain boundaries in polycrystalline aluminium, while random or smooth cutting
forces were observed during cutting single-crystal fluorite and amorphous acrylic resin.
Furthermore, material crystallographic orientations greatly affect the cutting forces and
surface generation, as claimed by Lee et al. (2013). The atoms in different crystal
orientations show various arrangement and periodicity in single crystal materials,
contributing to anisotropic behaviour that the physical and chemical features vary with
crystal orientations. In polycrystalline materials, random distribution of massive crystal
grains give rise to isotropic properties, but according to Rahman et al. (2017), the
deformation behaviour of polycrystals is also greatly affected by atom arrangements or
crystal structures in ultraprecision diamond turning because of the "grain size effect".

In ultraprecision diamond turning, the grain size is comparable to the uncut chip
thickness, resulting in a single grain of the workpiece was removed in the direction of
cutting depth. Therefore, the flow stresses required to overcome workpiece deformation

are affected by the heterogeneity of the polycrystalline materials.

Sahoo et al. (2016) reported that polycrystalline CP Ti shows a phase with hexagonal
close packed (hcp) crystalline structure at ambient temperature, and the phase could
transform to body centered cubic (bcc) B phase if temperature exceeds 882.5 °C. Sun et
al. (2011) claimed five essential deformation systems in deforming of polycrystal hcp
materials, and they also pointed out that prismatic <a> slip is prone to be activated
among these deformation modes when the c/a ratio is less than 1.633. Basal <a> slip,
pyramidal <a> slip and <c+a> slip are the other glide modes in deformation of CP Ti.

Furthermore, Xie et al. (2016) proposed that twinning modes of {1012} < 1011 >,



{1121} < 1126 >and {1122} < 1123 > and {1124} < 1121 > could act as assistant
roles to accommodate deformation, and the extension twin of {1012} < 1011 > type
(T1 twin) is the earliest and most prevalent twin in comparison to others. The formation
of twins in hcp materials was found to be affected by the misorientation angles
according to Beyerlein et al. (2011) who pointed out that twins preferentially nucleate
and grow at grain boundaries with low misorientation angles. However, the possibility
of twin nucleation would be reduced if there are massive twin-twin and slip-twin
interactions that are sources of strain hardening in deforming of a-titanium, as
demonstrated by Salem et al. (2005). Besides, secondary twins could nucleate between
two primary twins, forming a "ladder-like" structure which might restrict dislocation
motion and enhance strain hardening according to Allain et al. (2004) and Gumus et al.
(2015). Hence, the nucleation of deformation twins could affect the strength and
ductility of materials. Qin and Jonas (2014) supposed that the T1 twinning could result
in a misorientation angle of about 85° from the direction of < 1020 >, and it may also
be able to enhance the flow stress of hcp materials. Kaschner et al. (2007) proposed that
the generation of twins could also inhibit the dislocation propagation, resulting in a
barrier effect on hcp material deformation. Knezevic et al. (2010) reported that the
deformation twins could introduce a new orientation that is different from its parent
crystal. This phenomenon may affect the ductility of hcp materials, which depends on

the activated twin systems.

The activation of different crystal systems depends on the resolved shear stress on slips
or twins. If the resultant resolved shear stress exceeds the critical resolved shear stress
(CRSS) of one deformation system, a corresponding glide would occur. According to

Hutchinson and Barnett (2010), an applied stress to overcome material flow stress is the



synthetic stress of CRSS and hardening stress induced by dislocations and second
particles. The CRSS of different slip or twin systems in CP Ti have been widely

reported for several decades. Though no consensus has been achieved on the values of
CRSS due to different microstructures and chemical content, it is generally accepted

that prismatic slip is easier to be activated than other slips or twins. Besides, the
hardening stress caused by dislocations is an important factor to influence the flow

stress of deformation. Rahman et al. (2017) also modelled the material flow stress by
considering the effects of grain boundaries and dislocations in ultra-precision machining.
Melkote et al. (2015) pointed that the dislocation motion induced by grain boundaries

and dislocation forests could affect the flow stress of CP Ti in machining process.

However, titanium and its alloys are regarded as one of difficult to cut materials due to
the low thermal conductivity and inferior elastic modulus according to Arrazola et al.
(2009). Microcracks have been usually observed in the machined surface of titanium
and its alloys. Sharman et al. (2001) demonstrated that increase in cutting depth could
induce a high density of cracks in the turned surface of gamma titanium aluminide alloy.
Ulutan and Ozel (2011) reported that the formation of titanium carbide in titanium and
nickel alloys might also result in microcracks which are formed by the complete
removal of carbide particles. A large number of surface cracks have also been observed
in titanium alloy when the cutting tool is no longer sharp according to Priarone et al.
(2016). Besides, Shokrani et al. (2016) founded that the absence of flood cooling could
contribute to cracks formation on the Ti—-6AI-4V titanium alloy during machining.
Though some studies have been conducted on investigation of cracks formation on the
machined surface, little research was carried out on exploring the effects of grains and

twins on nucleation of microcracks in machining process. In addition, investigation of



deformation mechanisms in ultraprecision machining of CP Ti was rarely reported with
respect to resulted shear stress and barrier stresses. Therefore, the purpose of this study
Is to explore the effects of grain sizes and deformation twins on crack nucleation and

deformation behaviour in ultraprecision diamond turning of CP Ti.

2. Materials and experimental procedures

The chemical composition of as-received CP Ti (Grade 1) with a diameter 4 mm is
tabulated in Table 1. The CP Ti was first wire-cut into samples with a height of 8 mm,
half of which were then subjected to compressive deformation with a height reduction
ratio of 40%. Next, electropulsing treatment (EPT) on an ETP device was conducted to
rapidly anneal the compressed CP Ti, as schematically shown in Fig. 1. The voltage and
frequency of EPT was 30 V and 300 Hz, under which conditions the temperature could
reach about 450 °C, thereby recrystallization is able to occur in the compressed Ti.
After EPT for 30 seconds, the samples were cooled in the air. Finally, a part of as-
received samples and compressed samples followed by EPT (CEPTS) were
mechanically ground, electrolytically polished, and chemically etched for
metallographic observation, while the others were used for ultraprecision diamond

turning. The experiment was repeated by three times to ensure reliability.
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Fig. 1 EPT device of (a) front view, (b) back view and (c) a sample fixture

Table 1 Elements and corresponding contents of the as received CP Ti

Elements Fe O C N H Ti

Content/wt% 0.13 0.10 0.01 0.001 0.001 Bal.

An ultra-precision machine, Moore Nanotech 350FG, was utilized to conduct the
diamond turning process. A flat surface was firstly obtained by rough machining
process with a spindle speed of 1500 rpm, cutting depth of 4 um and feed rate of 6
mm/min, and then finish turning of three passes with a spindle speed of 1000 rpm,
cutting depth of 3 um and feed rate of 4 mm/min was carried out with a fresh diamond
tool (nose radius: 1.20 mm; rake angle: 0°; front clearance: 12.5°). Under the finish
cutting tool, a Kistler 9256C1 force sensor was mounted to measure the turning forces.
A DFC 450 optical microscope (LEICA) was used for metallographic observation. The
electronic images and electron backscattered diffraction (EBSD) patterns of
microstructures were obtained from a Hitachi S4700 scanning electron microscope
(SEM) equipped with EBSD measuring system. The surface roughness and three-
dimensional (3D) morphologies were measured by a Nexview three-dimension (3D)
optical surface profiler (Zygo). The Vikers hardness and Young’s modulus of surface
were tested by a hardness testing machine (Mitutoyo) with an indentation load of 1 N
for 20s and a Nano Indenter G200, respectively.

3. Results and discussion

3.1 Surface morphologies and crystal microstructure

Fig. 2 (a) and (f) schematically show the as-received and CEPT treated CP Ti samples
respectively. Two yellow areas are selected as analytical regions for optical microscopy

observation, while six small grey areas are chosen for scanning electron microscope



analyses. Optical surface morphologies of the two sets of workpiece after single point
diamond turning are shown in Fig. 2 (b) and (c). Obvious turning microcracks are
observed on machined surfaces of the as-received and CEPT treated samples. The
microcracks in the as-received workpiece are distributed randomly on the whole turning
surface, while those in the CEPT treated samples do not appear until the diamond tool

passes through the green curve marked in Fig. 2 (c).

The optical microstructures of the two kinds of samples are given in Fig. 2 (d) and (e),
corresponding to the as-received and CEPT samples, respectively. The average grain
size R of the CP Ti was estimated by the linear intercept method that is proposed by

Kusama et al. (2017):

3L
R=— (1)

where L is the length of a line segment marked on the OM images and N is the number
of grains on the line. The average grain size of the as-received CP Ti is calculated to be
about 52 um. Some randomly distributed twins within grains are also observed from Fig.
2 (d). However, the microstructure of CEPT samples is significantly distinct from that
of the original samples, showing two obvious different microstructure zones, as shown
in Fig. 2 (c) and (e). Small grains are observed at the outside of workpiece (Zone I:
region within the black dash line) due to recrystallization, while large grains and plenty
of twins are observed on the right side of workpiece (Zone I1). Besides, microcracks are
scarcely found in Zone | but are extensively discovered in Zone Il, which means that

turning microcracks are mostly generated in sites with the large grains or twins.



Fig. 2 CP Ti samples of (a) schematic diagram, (b) diamond turned surface morphology
and (d) OM microstructure; CEPT treated specimen of (c) turned surface, (e)

microstructure and (f) schematic diagram

In order to clarify which factor determines the formation of cracks, some indentation
marks in the vicinity of the cracks are made after diamond turning, as shown in Fig. 3.
Firstly, most of cracks are formed in the large grains instead of their neighbouring small
grains or grains with acicular o phase, as shown in Fig. 3 (a), (b), (f) and (g). Then, it
can be seen from Fig. 3 (c) and (h) that some cracks are also observed to form in the
twins with rather thick width, but they are not likely to be formed in the thin twins (Fig.
3 (d) and (i)). In addition, the edges of microcracks closely coincide with the large grain
or twin boundaries, which substantiates that the boundaries of large grains or twins
provide potential sites for the initiation of microcracks. When the diamond cutting tool
meets one grain boundary of a potential site, cracks firstly generate at the boundary and
terminate as the tool passes through the opposite grain boundary of the large grain or
twin, forming shapes that are similar to corresponding grains or twins. Moreover, Fig. 3
(e) and (j) demonstrate that the presence of thin twins in the large grains could restrain

the propagation of cracks. Since cracks formed in one grain or twin were not likely to



propagate to its neighbouring small grains or thin twins, intergranular cracks were
generated in diamond turning of CP Ti with large size of grains and twins. Fig. 3 (k)
schematically summarizes the crack formation in turning of CP titanium with different
microstructures. The green and red boundaries represent the initiation and termination

of microcracks, respectively.
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Fig.3 (a) - (e) morphologies of microcracks on turning surface of CEPT treated
workpiece; (f) - (j) corresponding microstructures of (a) - (e); and (k) schematics of

cracks formation in large grains/twins and a few small grains

Fig. 4 shows the SEM morphologies of diamond turned surfaces of the as-received and
CEPT treated workpiece. Similarly, primary cutting microcracks (yellow marks) show
casual distribution in the as-received workpiece, but those in the CEPT treated samples

occur only in the region with large size of grains and thick deformation twins.
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Delamination failure (white circles) can also be observed obviously in these cracks.
Furthermore, the formation of microcracks is similar to the generation of cleavage
fracture during cutting brittle materials, such as glass, silicon and silicon carbide, so the

nucleation of microcracks may be deformed in a brittle mode.

Fig. 4 SEM morphologies selected from regions (a) A, (b) B of CP Ti and (c) A', (d) B’

of CEPT samples

Microcracks observed in the SEM morphologies are pits instead of bulges, which could
be verified from the 3D Zygo profiles, as illustrated in Fig. 5 (g) and (h). The depth of
the microcracks reaches the highest value at the delamination sites in the cracks. As the
formation of cracks would deteriorate the surface quality, local area surface roughness
in Zone | distributing small grains is the best for the CEPT treated samples, reaching a

value of about 31 nm, as shown in Fig. 5 (d).
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Fig. 5 Zygo profiles of (a)-(c) as received CP Ti and (d)-(f) CEPT specimen; (g) and (h)
are the height difference of line 1 and line 2 marked with blue and violet line in (a) and

(e), respectively.
3.2 Deformation twin type

Fig. 6 illustrates the inverse pole figure (IPF) orientation mapping of the as-received
and CEPT samples. The grain distribution of the original CP Ti is shown in Fig. 6 (a),
which is similar to the OM morphology. While the average grain size reduces to about
15 um at Zone | of CEPT CP Ti and no twins and subgrains are discovered in this zone
due to the annealing effect of EPT, as shown in Fig. 6 (b). Besides, a considerable

amount of deformation twins of {1012} < 1011 > type (T1 twin) are observed from
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Fig. 6 (c) and (d) in Zone 11, and the density of twins gradually reduces as the distance
decreases from the centre of the samples. Furthermore, the misorientation angle is about

85° deviated from the direction of < 1020 >, as illustrated in the point-to-point and

point-to-origin curves given in Fig. 6 (f) and (g).
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Fig. 6 IPF maps of (a) as received, (b) Zone I, (c) initial site of Zone Il and (d) inner site
of Zone II; (f) and (g) are the misorientation angle profiles corresponding to the white

lines marked in (c) and (d), respectively.

3.3 Microhardness and Youngs modulus
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Vikers hardness and Youngs modulus evolution along a diametral direction are given in
Fig. 7. The microhardness of the as-received samples fluctuates from 195 HV to 205
HV and the average calculated value is about 199.5 HV. The microhardness evolution

in the CEPT treated samples show a symmetrical characteristic due to the symmetrical
microstructure of the samples. It can be seen from Fig. 7 (a) that the microhardness
reaches the highest value of about 232 HV at the region with small grains. After that, it
decreases suddenly to about 203 HV in the region with coarsen crystals and deformation
twins. Then, the hardness reduces slightly with the decreasing distance from workpiece
centre. A minimum microhardness (about 180 HV) is obtained in the centre of the
workpiece with large crystals. Although the regional microhardness of small grains is
higher than that of high density twins, the average cutting forces are almost equal to
each other. This is caused by the different deformation mechanisms of hardness
indentation test and diamond turning process. A similar evolution trend is found in the
Young’s modulus curves shown in Fig. 7 (b). The maximum value of Young’s modulus
of the CEPT treated samples is about 124 Gpa, which increases by about 13.8% in
comparison with the as-received CP Ti. The enhancement of Young’s modulus could
contribute to the reduction of inherent spring back, so the rubbing effect between cutting
edge and workpiece could be reduced during cutting of titanium and its alloys. This

could also contribute to the fine surface quality of the zone with small grains.
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Fig. 7 Evolution of (a) Vickers hardness and (b) Young’s modulus
3.4 Cutting forces

Fig. 8 illustrates the main cutting forces variation of the two types of samples during the
turning process, and the red smooth lines are obtained by adjacent-averaging method.
The vibration amplitudes of both cutting forces are considerably large at the beginning
of the curves due to the diamond tool not fully feeding into the samples. Then, the
average cutting force of the as received samples shows a slight downward trend with the
tool further moving forward into samples (Fig. 8 (a)), while that in CEPT treated
samples increases slightly at first and then decreases slowly with the tool feeding into

the workpiece, as shown in Fig. 8 (b).

Even though the grain size in the outside of the CEPT treated workpiece is much
smaller than that in the as-received one, the average measured cutting forces of them are
almost same. This is inconsistent with the well-known Hall-Petch relationship that
demonstrates that the yield stress will increase as the grain size decreases. This is
because the cutting forces are not only affected by the grain size (grain boundaries), but
also correlated to the dislocations and cutting geometries. At the region with small

grains, increase in Vikers hardness and Young’s modulus in comparison to the as-
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received samples demonstrates that the required stress to overcome plastic deformation
does enhanced, but the cutting force is also closely affected by the shear angle ¢ in
diamond turning process. Even though a high yield stress is required to overcome
deformation, the corresponding cutting forces may not be high due to the large shear

angle. This will be discussed in the following section.

It should also be noted that the turning point (black arrow) of cutting force in Fig. 8 (b)
corresponds to the emergence of deformation twins presented in Fig. 2 (e), which gives
rise to high cutting force vibration. As proposed by Knezevic et al. (2010), the
nucleation of twins in hcp metals could result in a new crystal orientation with respect
to the parent crystal, and if the re-orientated crystal lattice is in a hard orientation, the
material strength and ductility could be enhanced significantly. According to Knezevic
et al. (2010), the formation of T1 twins {1012} < 1011 > generally re-orients the
grains into hard orientations, resulting in a hardening effect. Besides, Kaschner et al.
(2007) demonstrated that the formation of twins in hcp materials hinders the
propagation of dislocations, and has a great influence on the strength of hcp crystals
because of the dislocation barrier effects. Consequently, the force fluctuation in zone
with high density of T1 twins is obvious in comparison to other regions of the CEPT

treated workpiece.
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Fig. 8 Main cutting forces of (a) as-received and (b) CEPT treated samples

In order to confirm the effects of deformation twins on cutting force vibration, groove
cutting from outside to centre of workpiece with a spindle speed of 60 rpm and cutting
depth of 4 um was conducted. Fig. 9 (a) shows an example of five cutting grooves on
one of CEPT treated specimens. Cutting force variations of the as-received and CEPT
treated workpiece are shown in Fig. 9 (b) and (c), respectively. For the as-received one,
the cutting force of the second groove is smaller than that of the first groove, which is
consistent with the force reduction in continuous turning process. However, the cutting
force of the second groove where the microstructure is consisted of high density of
twins is slightly higher than that of the first groove where microstructure is small grains
for the CEPT treated sample. This is also in accordance to the force variation of

workpiece with continuous diamond turning.
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Fig. 9 (a) Groove morphologies, and the first and second cutting forces of (b) as-

received and (c) CEPT treated samples

4. Discussion

4.1 Cracks formation

The strength and ductility of alloys are highly affected by grain or twin size. It is widely
recognized that decrease in grains or twins could increase the total grain boundary area,
which provides a potential to enhance the material strength. Besides, alloys with large
grain boundary area have high resistant to crack nucleation by reducing the stress
concentration on unit per unit volume of grain boundary according to Vinogradov (2007)
and Sangid (2013). In the diamond turning process, the material removal rate is same in
the two regions due to the some cutting tool, depth of cut and feed rate. However, as the
grain sizes in the outside region is much smaller than those in the internal, the numbers
of grain boundaries are different during material removal process, as schematically
shown in Fig. 10. The arc length of the material removal edge is calculated to be about
85 um from the tool geometry, so there are about 6 grains contained in the removal part
at the region with grain size of about 15 pm, while at most 2 grains are included in the
removal part at grain size ranging from 60 to 100 pum. Small grain size could increase
the areas of grain boundary acting as barrier for dislocation movement, so the stress
concentration on per unit volume of grain boundary is less under almost same cutting
force, which significantly retards crack nucleation at the grain boundaries during turning

process.

18



(a) Aum - yncut (b) 4 MM Uncut

+1) pass 4 (n+1) pass
¥ n pass
*& surface

ol &

Fig. 10 Schematic diagrams of material removal process of workpiece with grain size of

Cut
surface

about (a) 15 um and (b) more than 40 um. The boundaries in the removal part are

marked by black dash lines.

Besides, CP Ti with an average grain size of about 12 um was obtained via pre-
compression (60 % of thickness reduction) followed by EPT of 30 s, as shown in Fig.
11 (c). Then, diamond turning with same cutting parameters in Section 2 was conducted
on the workpiece. The numbers of cracks are significantly reduced in comparison to the
workpiece with gain size of more than 40 pum, and the average area surface roughness
and peak-to-valley value could respectively reduce to about 15 nm and 136.5 nm, as
shown in Fig. 11 (a) - (b). Fig. 11 (d) compares the flat mirror surface of the CEPT
treated alloy (Workpiece 1) and that with a grain size of 12 um (Workpiece 2). The
reflection quality of the outside region is much better than the internal region for the
CEPT treated samples, while that with grain size of 12 pum shows a fine reflection
feature throughout the whole surface. Therefore, reduction in grain size could retard

crack formation and has potential benefits for improving the surface quality of CP Ti.
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Fig. 11 (a) - (b) Zygo surface topographies of (c) workpiece 2 with an average grain size
of about 12 um and (d) comparison of mirror reflection of two kinds of workpiece

4.2 Deformation models

4.2.1 Flow stress model

Plastic deformation occurs only when the applied stress is higher than the flow stress of
cutting layers of CP Ti alloys in ultraprecision diamond turning. In order to achieve
plastic deformation of polycrystalline crystals, the applied stress should overcome the
critical resolved shear stress (CRSS) 7. as well as an internal stress 7, caused by the
coupling function of grain boundaries, dislocations and secondary phase particles.
Hence, the applied stress t for activation of plastic deformation can be given by

(Melkote et al., 2015):

T=7T +T; (2)
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The value of 7. ; highly depends on the crystal orientation of CP Ti, because the CRSS
varies significantly with different glide modes j of deformation mechanism. The internal
stresses t; is induced by two parts in the diamond turning process, i.e. internal
resistance stress 7, and dislocation drag stress 7, under deformation with a high strain

rate. Thus,
T, =T, + 1,4 (3)

where T,. is calculated as the total stresses required to conquer the dislocation movement

of grain boundaries 7, spatially random dislocation forests 7,, and patterned distribution

of subgrain boundary dislocations t,,;,, as follow (Ardeljan et al., 2014):

agu

Vb 1
Tr =Tg T Tp+ Toup = D + ap:ub\/E + Kksuptby/ psuplog (m) 4)

where a4 and a,, are constants that depend on the strength of grain or twin boundaries

and dislocation forests, respectively. Shear modulus x is a temperature dependent
parameter, b is the magnitude of the Burgers vector, and D is the value of average
grain/twin size. The dislocation density p is closely correlated with the slip-induced
hardening and dynamic recovery process. When twins are presented in parent grains, the

boundary barrier effect 7 ., is expressed by (Knezevic et al., 2015):

fpts_fptS,O ag#\/B

Tg,twin = pts,max_ £pts,0 (5)
f f D
mfp

where fPtS0 and fPts™Max gre constants, representing the minimum and maximum
volume fraction of predominant twin system (PTS) of twins in one grain, respectively.

The term of Dy, ,, denotes the mean-free-path distance and is obtained as follow:
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S _ (1_fpt5)Dc
mP T sin(a) (6)

where a is an angle between the PTS plane and slip or twin plane of the deformation

system, Dc is the distance between twin lamellae:

D, = —piis )

T plamellae

where n'@mellae represents the number of twin lamellae inside the parent gains. The
value of fPts0, fptsmax o D and nlemellae coyld be obtained from the experimental

results.

The drag stress 7,4 that could give rise to a drag pressure on the movement of

dislocations under high strain (10°s™) rate deformation can be formulated by:
Tg = adé (8)

where a is the dislocation drag coefficient and ¢ is strain rate during the diamond
turning process. Therefore, the final formula to evaluate the applied stress of

microstructure with grains and twins can be expressed by:

aguNb 1 .
Tgrain = Tc,grain + g—\/D—I + ap.ub\/ pgrain-l'ksub.ub\/ Psub log (m) + age
fpts _fpts,o agu\/E

1 .
Ttwin = Tctwin + fptsmax_fpts,0 ots) + ap.ub\/ Ptwin + ksubﬂb\/ Psub 10g <bm> + g€
a- Dir
nlamellaesip (q)

9)
For CP Ti with hcp crystal structure, the required applied stress to overcome flow stress
can be evaluated from equation (9), which considers the effects of crystalline
orientations, twins, dislocations and high strain rate during the ultraprecision diamond

turning process.

22



4.2.2 Flow stress model calculation
A considerable amount of work has been conducted to investigate the CRSS of different
slip systems of CP titanium. The relevant CRSS values are tabulated in Table 2 and

other parameters are listed in Table 3.

Table 2 The relevant literature studies of CRSS values for diverse slip models and

extension T1 twin of CP Ti

Pris <a> Basal <a> Pyr <a> Pyr<c+a> T1 twin

slip (MPa) slip (MPa) slip (MPa) slip (MPa) (MPa)

Ref.

60 120 N/A 180 125 (Yang et al., 2011)
80 90 110 260 220 (Warwick et al., 2012)
68 175 120 250 230 (Gloaguen et al., 2013)
96+18 127+33  N/A >240 225 (Wang et al., 2017)

Table 3 Parameters from relevant references and present work

Parameters Value Ref.
Qg 0.4544 (Melkote et al., 2015)
a, 0.5 (Melkote et al., 2015)
aq(kPas) 4.5 (Wulf, 1979)
u(GPa) 48.66-0.032223T (Melkote et al., 2015)
b(m™) 2.95x10710 (Britton et al., 2010)
koup 0.086 (Capolungo et al., 2009)
D;(um) 15 Present work
Dy;(um) 90 Present work
freso ~0.02 Present work
fptsmax ~0.7 Present work
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Firstly, we consider the applied stress required in the region with deformation twins in
Zone Il. As the friction of deformation twins, number of twin lamellas, and dislocation
density are simultaneously decreasing in this region, as shown in Fig. 12, we know from
equation (9) that the corresponding applied stress should also be decreasing. This is in

accordance with the evolution of primary cutting force in ultraprecision machining.

Fig. 12 Whole microstructure of one of CEPT treated samples

Besides, the barrier stress caused by twin and dislocations also significantly affects the
applied stress required to plastic deformation. For example, the average numbers of
twin lamellas and twin frictions at some beginning sites of Zone |1 are respectively
about 3 and 0.29, as shown in Fig. 13 (a). The relationship between barrier stresses
(Tg,twin T Tp + Tsyp) With cutting temperature T and dislocation densities of peyin, Psub
can be obtained from equation (3) - (7), as shown in Fig. 13 (c) - (f). The colour bar
shown in the right of each 3D morphology gives the total barrier stress legend. The
barrier stress is significantly affected by temperature and dislocation densities, and it is
even higher at the region with a high twin density, as shown in Fig. 13 (b). Furthermore,
if the extension T1 twin is activated in the turning of Zone I, the value of z, ;,;,, equals
to 0 Mpa due to the same PTS and activated plane, so the barrier stress is only the sum

of stresses required to overcome spatially random dislocation forests 7,, and subgrain

boundary dislocations 7, as shown in Fig. 13 (f).
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Fig. 13 (a) and (b) are SEM morphologies of twins at two sites of Zone Il. Barrier stress
distribution varies with cutting temperature and dislocation densities for (c) prismatic <a>
slip at a=47.50°, (d) basal <a> slip at a=42.50°, (e) pyramidal <a> slip at a=18.88° and
() T1 twin at a=0°.

From the main cutting force evolution curve, we know that the average cutting force in
Zone | with small grain size almost equals to that in the beginning site of Zone Il with
relatively high density of deformation twins, so the applied stress of 7,4, and 74, are
nearly the same. Besides, grains are fully recrystallized in Zone I and no subgrains or
twins are observed in this region from the EBSD map. A reasonable dislocation density

of 10'? m2 is considered in Zone | after proper annealing treatment by EPT. The barrier
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stress of subgrain boundary dislocation is omitted because of the absence of subgrains.
Hence, the difference between the CRSS of 7. 4,.:, in Zone | and 7. 4, in Zone Il can

be acquired from equation (9):

_ fpts_fpts,o agll\/E
TC.gTain - TC;tWin - fptsmax_fpts,o + apnub Ptwin +
a-rP)py
nlamellae gin(q)
Ksup b/ Psup | - agi/b b[Parain 10
subM Psup LOg b/ Psub - \/D_I —apl Pgrain- ( )

At the initial site of Zone I1, where grains are under modest deformation but not fully
recrystallized due to the limit time of EPT, some distorted microstructures could still be
observed in this region, so the dislocation densities of p;,,i, and pg,, Were assumed to
be about 10'* m2. The same twin friction £ and numbers of twin lamellae
nlamellaeshown in Fig. 13 (a) are utilized to calculate the stress. The relationship of
stress difference of CRSS can be simulated as a function of temperature, as shown in
Fig. 14. Increase in temperature reduces the CRSS difference of the two Zones. It is
generally recognized that the CRSS for prismatic <a> slip is the smallest among the
deformation modes of CP Ti with hcp structure, so this slip is believed to be the most
likely to be activated in deformation process. However, the prismatic <a> slip is not
considered to be the unique deformation mode in Zone I, because the CRSS difference
in the two zones is consistently positive (CRSS of Zone I is higher than that of Zone I1).
Similarly, the pyramidal <c+a> slip with the highest CRSS should be only one of the

deformation mechanisms or may not be activated in the beginning site of Zone I1.
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T1 twin at a=0°

pyr <a> slip at a=18.88°
A Dbas <a> slip at a=42.50°
W pri <a>slip at a=47.50°
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Fig. 14 Evolution of CRSS difference of various deformation modes with temperature

between Zone | and the initial site of Zone 11

4.2.3 CRSS and cutting shear angle relationship
The applied shear stress T required to overcome flow stress during diamond turning can
be formulated by a ratio between the resultant force along cutting shear plane and the

plane area As, as follows:

= Fccosp—Fgsing (11)
As

where Fc is the main cutting force, Fr is the thrust force and ¢ is the cutting shear angle.

The shear plane area As is estimated from Fig. 15, and the value is obtained from:

A, =2 (12)

where dc and R are the cutting depth and diamond tool radius respectively. The average
length of las is measured from the serrated chips after diamond turning, as shown in Fig.
15 (c) and (d). The observation of serrated chips also demonstrates that the workpiece

was removed by cutting instead of ploughing. According to equation (9), (11) and (12),
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the resolved shear stress required to activate the slips or twins in Zone | with relatively

small grains can be expressed by:

, Fecosp—Fgsing  aguvb .
in = — —a,ub,/ in — Qg€ 13
Tc,gram SS’LC(plAB \/D—I p:u pgram d ( )
If the resolved shear stress . 4,4, €Xceeds one of the CRSSes of CP Ti, the

corresponding slips or twins could be activated instantly. Fig. 16 illustrates the
simulated relationship between the resolved shear stresses, shear angles, strain rates and
temperatures in the cutting shear plane of Zone | based on equation (13). Not only
temperature, but also the shear angle and strain rate that are closely related to cutting

speeds have significant influences on the resolved shear stress.

From Table 2, we know that the CRSS of CP Ti is generally in a range from about 60
Mpa to 300 Mpa with respect to deformation modes, which restricts the strain rate
smaller than 10° s in this experimental conditions. Furthermore, the strain rate of
diamond turning is generally larger than 10° s%, so shear angles can be changed from 4°
to 30°, as shown in Fig. 16 (a). Besides, the shear angle remains quite stable before the
strain rate reaches about 10* s, but the angle changes dramatically after the strain rate

is higher than 10* s in ultraprecision diamond turning.

(@) () o o
Diamond tool N
]
| SN
-0 d. Feed direction
- ————- i N \\ \\\ =>
| - Material
| F, | removal part . B
Fy = y
Workpiece

n'" cutting pass
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Fig. 15 (A) cross sectional view and (b) front sectional view of material removal
process in diamond turning process; (c) chip morphologies after diamond turning of

Zone | and (d) a magnifying image of serrated chip marked by white rectangle in (c)
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Fig. 16 Simulation relationship of resolved shear stress, strain rate, shear angle and
temperature: (a) whole view, (b) cross-sectional view at shear angle of 15° and (c)

colour bar

5. Conclusion

The crack nucleation and deformation mechanism of CP Ti have been theoretically and
experimentally investigated in ultraprecision diamond turning from perspectives of
grain boundaries, resolved shear stresses and barrier stresses, the following conclusions

can be drawn.
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(1) CP Ti with small grains and deformation twins are respectively obtained in the outer
and inner sites of one sample by compression followed by electropulsing treatment
for 30 seconds, which provides a desirable microstructure for comparing the effects
of grains and twins on the deformation behaviour of CP Ti during ultraprecision
diamond turning.

(2) Turning microcracks are mainly observed to be nucleated at large grains and thick
twins instead of small grains or twins due to excessive stress concentration on per
unit volume of grain boundary. Reduction in grain size could retard crack nucleation
and has potential benefits for improving the surface quality of CP Ti.

(3) The CRSS of small grains is larger than that of large grains with a high density of
deformation twin of {1012} < 1011 >, which means that the deformation
mechanism varies with microstructures. As the difference of CRSS between small
grains and large grains with twins is consistently positive, the prismatic <a> slip
with minimum stress is not the unique deformation mode for small grains; similarly,
the pyramidal <c+a> slip with the highest stress should be one of deformation
modes or may not be activated for large grains with numerous twins.

(4) The relationship between resolved shear stresses, strain rates, shear angles and
temperature is modelled for the first time. From this model, the deformation
mechanism in the primary deformation zone of ultraprecision turning can be

properly evaluated if the strain rate, shear angle and temperature are given.
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