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ARTICLE INFO ABSTRACT

Keywords: In high-speed metal machining, cutting tools in the form of cemented carbide inserts coated with thin wear-
CVD resistant coatings are commonly used. These coatings are often made of metal carbonitrides with cubic rock
Ti(C.N) . salt crystal structure and different growth textures. However, the influence of the crystallographic texture of the
I;:}:is ?::;g; coatings on their wear by plastic deformation due to the chip flow during machining needs to be revealed further.
Deformation mechanism In this work, in order to analyse the ability of polycrystalline fibre-textured coatings with a rock salt structure to
undergo plastic deformation, a method was developed for calculating Schmid factors of such textured coatings as
a function of the loading angle of an external force. The Schmid factors were calculated for coatings with 100 and
211 growth textures, and {100} <110>, {110}<110> and {111}<110> as possible slip systems. For the {111}<
110> slip systems, the Schmid factors are not much influenced by the force angle and coating texture, which is
contrary to the {100}<110> and {110}<110> slip systems. The simulations were compared to wear on the rake
face of two textured Ti(C,N) coatings after short longitudinal turning tests. The variation of the degree of plastic
deformation of Ti(C,N) coatings with growth texture and external force angle indicates that the dominant

activated slip systems are {110}<110> using the machining conditions applied in this work.

1. Introduction

Cutting tool inserts for high-speed metal machining need to with-
stand extreme pressures and thermal loads. Thus, such inserts are
commonly made of cemented carbide (a composite material based on
tungsten carbide (WC) and Co) that exhibits both good toughness and
hardness [1,2]. The cutting performance of cemented carbide inserts can
be improved through depositing thin wear-resistant coatings with
higher hardness onto them, and research has been focused on synthe-
sizing new wear-resistant coatings for machining advanced materials
used by modern industry. In recent years, wear-resistant coatings with
strong growth textures (and columnar grain morphologies) have been
synthesized via chemical vapour deposition (CVD) and physical vapour
deposition (PVD) [3-19], and the textured coatings have been reported
to show significantly improved cutting performance [8,11].

Wear-resistant coatings are usually made of hard materials, which
can be brittle and easy to fracture at room temperature. However, at the
higher temperatures occurring during cutting operations, where the
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coatings transition from being brittle to being ductile, plastic deforma-
tion has been found to occur [8,20,21]. The coating temperature de-
pends on the details of the cutting operation, but can frequently reach
600 — 950 °C locally in the area of contact between the coating and the
workpiece material [7]. Ruppi et al. proposed that plastic deformation of
a-AlO3 coatings during metal machining reduces cracking and flaking,
factors important for the total wear [8]. Therefore, the capability of
plastic deformation of these wear-resistant coatings is believed to be
essential for their good cutting performance.

Commonly used wear-resistant coatings include metal nitrides and
carbides with rock salt crystal structures, such as TiN [5,19], (Ti,ADN
[3,12-14,17,18,22,23], Ti(C,N) [6,15,24], and oxides, such as a-Al;03
(corundum structure, trigonal) [4,7-9] and k-AlpO3 (orthorhombic
structure) [10,25-27]. In addition, wear-resistant coatings can be grown
with different fibre textures, which means that the grains are randomly
rotated around an axis along the coating normal, while having the same
orientation (texture) along the coating normal. Typical fibre textures
include 111 [12-15,24,28], 211 [15,24,29], and 100 [30] for the rock
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salt structured carbides and nitrides, and 0001, 0112, and 1120 for the
trigonal a-AlyO3 [9].

Ruppi et al. studied the wear-resistance of a-AlpO3 coatings with
different textures, and concluded that 0001 textured a-Al,O3 coatings
exhibit less wear due to plastic deformation accommodated by easier
basal (0001) slip [8]. It was suggested that the texture of these coatings
influenced the plastic deformation (from chip flow) due to the specific
orientation of the slip systems (slip plane and slip direction) with respect
to the direction of the resulting force on the coatings during the metal
machining process [8]. Accordingly, Shoja et al. proposed a method for
modelling Schmid factors of a-Al,O3 coatings with specific growth tex-
tures and different slip systems (basal and prismatic slip systems) with
respect to the direction of the loading force, and correlated the simu-
lated results with the microstructure, surface topography and wear of
the worn CVD a-Al;O3 coatings in different wear areas on the rake face
of the cutting tool insert with different resulting force angles [9].
However, the ability of cubic metal nitride and carbide coatings with
different growth textures to undergo plastic deformation has not been
equally explored. Therefore, the scope of this paper is to generalize the
methodology of Schmid factor simulations proposed by Shoja et al. to
coatings with rock salt structure, and evaluate their ability for plastic
deformation coupled to their texture and the loading force angle, i.e. the
wear zone of the tool insert.

The probable slip systems for rock salt structure are {100} <110>,
{110}<110> and {111}<110> (the Burgers vectors are !» <110>, but
the ‘%4’ is ignored in the notation of slip system in this work for
simplicity), depending on the material and temperature at which the
deformation occurs [31-40]. It should be noted that the correlation
between temperature and activated slip system has not been fully
revealed for many of the cubic nitrides and carbides that are commonly
used as wear-resistant coatings (such as TiN, Ti(C,N), (Ti,AI)N).

The aim of this work is to understand the influence of the coating
texture, the slip systems, and the angle of the force resulting from the
chip flow during a metal machining process on the ability of plastic
deformation of hard cubic carbonitride coatings with a rock salt struc-
ture. Accordingly, the Schmid factors of these coatings, as a function of
the loading force angles, slip systems and coating textures, were calcu-
lated. In addition, CVD wear-resistant coatings of Ti(C,N) were depos-
ited on cemented carbide cutting tool inserts with either a 100 or a 211
texture. After deposition, the coatings were exposed to a short turning
test. The microstructures of as-deposited coatings, as well as worn
coatings at different areas on the inserts (corresponding to different
loading force angles) were investigated by scanning electron microscopy
(SEM) and complementary electron backscattered diffraction (EBSD).
The influence of the texture and force angle on the surface topography
and ability of plastic deformation was then correlated to the Schmid
factor simulations.

2. Materials and methods
2.1. CVD synthesis of the Ti(C,N) coatings

The cutting tools used in this study were indexable cemented carbide
inserts of CNMG120408-PM geometry. The composition of the cemented
carbide was 7.2 wt% Co, 2.9 wt% TaC, 0.5 wt% NbC, 1.9 wt% TiC, 0.4
wt% TiN, the remainder being WC. The CVD depositions were carried
out in an industrial scale CVD reactor (Bernex 530 type) where the in-
serts were placed in the middle of the reactor at the half-radius of the
coating tray (middle position). Either 100 or 211 textured Ti(C,N)
coatings were deposited onto inner 0.3 pm thick TiN coatings, according
to the data in Table 1. All depositions were carried out at a temperature
of 885 °C. The produced Ti(C,N) coatings were between 11 and 17 pm
thick.
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Table 1

Deposition parameters for the CVD coatings (100 and 211 textured Ti(C,N)
layers, denoted as (100) Ti(C,N) and (211) Ti(C,N), respectively, and the inner
TiN layer), partial pressures (in kPa) for each precursor, and total pressure (kPa)
in the reactor. The temperature was 885 °C in all cases.

Layer/precursor data H, Ny HCl TiCl;  CH3CN  Total pressure
(100) Ti(C,N) 3.0 3.0 0.75  0.10 0.15 7.0
(211) Ti(C,N): step I 3.2 2.1 0.00 0.16 0.025 5.5
(211) Ti(C,N): step II 4.5 0.43 0.43 0.13 0.036 5.5
Inner TiN 195 195 0.00 0.98 0.00 40

2.2. Metal machining

The machining tests were carried out using a bearing steel workpiece
material (100CrMo7-3) in a modern CNC lathe. The main constituents
of the workpiece material were (in wt%) C 0.96, Si 0.26, Mn 0.67, Cr
1.67, Ni 0.15, Mo 0.23, Al 0.34 and Fe (balance). The samples were
machined using longitudinal turning for 1 min. The cutting speed was
220 m/min, the feed was 0.3 mm/revolution, the depth of cut was 2 mm.
A water miscible cutting fluid was used as coolant.

2.3. Electron microscopy and Schmid factor simulation

A Zeiss Ultra 55 field emission gun SEM with a secondary electron
detector was used for plan view and cross sectional imaging of both the
as-deposited and worn Ti(C,N) coatings. An FEI Versa 3D focused ion
beam (FIB) — SEM equipment was used to polish the top surface of the as-
deposited coatings for plan view EBSD measurements. A TESCAN GAIA3
FIB-SEM instrument equipped with an Oxford NanoNordlys detector
was used for the EBSD experiments. The EBSD data was analysed by the
MTEX tool box in MATLAB [41]. The simulation of the Schmid factors
were performed using built-in functions of MTEX [41].

3. Results
3.1. Plastic deformation of the textured Ti(C,N) coatings

The normal and shear stresses over the rake face of a cutting tool
insert during machining varies (both the total magnitude and the ratio
between these two types of stress) and the rake face is often divided into
three different wear zones: sticking zone (I), transition zone (II) and
sliding zone (III). The normal stress is dominant at the edge of the insert
and decreases towards the end of the contact length (with the workpiece
material) and the shear stress has a maximum value around the middle
of the contact length [7]. Thus, the inclination angle of the resulting
external force during the metal machining process varies spatially over
the rake face of the cutting tool insert.

As has been reported [7,9], the inclination angle of the resulting
force gradually increases from 10° (with respect to the coating normal)
in zone I to around 45° at the border between the transition and sliding
zones (denoted as zone II/1II), as schematically illustrated in Fig. 1. For a
coating with a strong growth texture, its capability for (local) plastic
deformation depends significantly on the inclination angle of the
resulting force, because the local Schmid factor is influenced by the
angle between the force and the orientation of the slip systems (slip
plane normal and slip direction), which varies with crystal orientation
(texture), as will be explained in more detail in Section 3.2.

In this work the deformation of two Ti(C,N) coatings, with 100 and
211 textures, was studied. Fig. 2 (a) and (b) show the plan view SEM
micrographs of the Ti(C,N) coatings with 100 and 211 textures,
respectively. The coatings have similar grain size (below 2 um) ac-
cording to their surface morphologies. Fig. 2 (c) and (d) show the frac-
ture cross sectional SEM micrographs of the Ti(C,N) coatings with 100
and 211 textures, respectively. The textures of these two Ti(C,N) coat-
ings were verified using plan view EBSD analysis. Fig. 2 (e) and (f) show
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Fig. 1. Schematic drawing showing the variation of the inclination angle of the
resulting force over the different wear zones (I, II and III) on the rake face of an
insert due to the chip flow during the metal machining process. The chip flow
direction (CFD) and wear zones are indicated.

the inverse pole figure (IPF) maps plotted for the coating normal di-
rection (out of plane) for the 100 and 211 textured Ti(C,N), respectively.
Fig. 2 (g) displays the colour legend for the IPF maps. Most of the grains
shown in Fig. 2 (e) are coloured red, which indicates a 100 texture, while
most of the grains shown in Fig. 2 (f) are purple, corresponding to a 211
texture. This coincides with the IPF results, as shown in Fig. 2 (h) and (i).
In addition, both coatings were found to have fibre textures as expected.

The surface topography due to the chip flow on the rake face of the
coated inserts after the metal machining for 1 min is shown in Fig. 3. The
presence of features such as the elongated ridges in the SEM micro-
graphs indicates that the coatings have undergone plastic deformation.

For the 100 textured coating, the elongation of grains can be
recognized in zone I, as shown in Fig. 3 (a). Moving to zone II, the plastic
deformation of grains becomes more significant, see Fig. 3 (b). This is
due to a larger magnitude of the total stress and a corresponding higher
temperature in zone II than in zone I [7]. However, moving from (the
middle of) zone II to zone II/II, see Fig. 3 (c), it seems that the grains
could not be elongated anymore and therefore got truncated and
retained some remnants of the original surface morphology, mainly
perpendicular to the chip flow. They were not as elongated as the grains
in the 211 textured coating, see Fig. 3 (f).

For the 211 textured coating, no obvious deformation of grains can
be recognized in zone I, see Fig. 3 (d). In zone II, the grains are clearly
elongated, see Fig. 3 (e). In zone II/III, the elongation of some of the
grains becomes larger and as a result, long ridges can be observed, and
most of the original surface morphology is gone, as shown in Fig. 3 (f).

It is also worth noting that the grains in the 100 textured coating
exhibits more deformation than the 211 textured coating in zone I (see
Fig. 3 (a) and (d)), and the 211 textured coating is more deformed than
the 100 textured coating in zone II/III (see Fig. 3 (b) and (e)). In zone II,
the extent of elongation of grains is similar for the two coatings, (see
Fig. 3 (c) and (f)). In addition, the smallest and largest elongation of
grains happens in zone I (see Fig. 3 (d)) and zone II/III (see Fig. 3 (f)) of
the 211 textured coating, respectively.

To summarize, in zone I, the 100 textured coating shows more
deformation; in zone II, similar deformation was observed for the two
textures; in zone II/III, the 211 textured coating exhibits a more sig-
nificant and non-uniform deformation, where some grains were
deformed more heavily, while the 100 textured coating shows a smaller
and more uniform deformation.

3.2. Schmid factor simulations of rock salt crystals with 100 coating
texture

As mentioned above, the possible slip systems for the rock salt
structures are {100} <110>, {110}<110> and {111} <110>. For the
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{100}<110> type slip systems, each slip plane (one of the three {100})
contains two slip directions belonging to (110), as shown in Fig. 4 (a),
and there are thus six slip systems in total. For the {110}<110> slip
systems, each slip plane (one of the six {110}) contains one slip direc-
tion, as shown in Fig. 4 (b), and there are six slip systems in total. Fig. 4
(c) shows the third possible type of slip systems, {111} <110>, which is
common for face centered cubic (FCC) metals. For these slip systems,
each slip plane (one of the four {111}) contains three slip directions, as
shown in Fig. 4 (¢), and there are twelve slip systems in total.

The simulation of Schmid factors for textured rock salt coatings
consider the effect on all slip systems for each type (six for {100}<110>
and {110} <110>, and twelve for {111} <110>) upon the loading
orientation of the external force. The Schmid factor (m) for each slip
system is calculated according to [42]:

m = cos¢ e cosh @

where ¢ is the angle between the loading direction and the slip direction,
and 1 is the angle between the loading direction and the normal direc-
tion of the slip plane, in the crystal coordinate system.

The loading angle of the resulting external force (F) is defined in the
specimen coordinate, as shown in Fig. 4 (d). Considering the random in-
plane rotation (around the coating normal direction) of the textured
grains, it is easier to define the loading force angle by a polar angle (6)
and an azimuthal angle (¢) in a spherical coordinate system (specimen
coordinates). The polar angle () is the angle between the loading force
and the coating normal direction (the Z direction), ranging from 0° to
90°, and the azimuthal angle (¢) is the in-plane rotation angle (within
the X-Y plane), rotating anti-clockwise from the X direction, ranging
from 0° to 360°. To calculate the Schmid factors for a certain grain in the
coating, one needs to correlate the crystal orientation of the grain in the
specimen coordinate system. This is usually done by introducing three
Euler angles or a matrix describing the relative rotation between the
crystal coordinate system and the specimen coordinate system.

For a 100 orientated grain, we define the [001] direction in the
crystal frame is aligned with the Z direction (the coating normal direc-
tion) in the specimen frame. For convenience, the [010] crystal direction
is aligned with the Y direction in the specimen coordinate system, and
the [100] crystal direction is aligned with the X direction in the spec-
imen coordinate system. Therefore, the angles ¢ and 1 in the crystal
coordinate system are thus correlated to the polar (9) and azimuthal (¢)
angles in the specimen coordinate system, and the Schmid factor (m) can
be defined as a function of the polar (9) and the azimuthal (¢) angles.

First we use the {100}<110> slip systems for the rock salt structure
to demonstrate the Schmid factor diagrams. Fig. 4 (e) and (f) show the
Schmid factor diagrams of the (001)[110] and (001)[110] slip systems
for a grain with a 100 orientation (along the coating normal direction).
As defined by Shoja et al. [9], the Schmid factor diagram presents a four-
dimensional (4D) dataset, including the loading angle of the resulting
force (in three-dimensions (3D)) and the corresponding Schmid factor
value (m) at each loading angle. The polar angle (6) and the azimuthal
() angle are presented in a stereographic projection, as shown in Fig. 4
(e) and (f). The polar angle (0) increases longitudinally from the diagram
center (0°) to the edge (90°). The azimuthal angle (¢) increases from
0° (aligned with the X direction) to 360° anti-clockwise. The dashed
circles with arrows (anti-clockwise) in the diagrams (Fig. 4 (e) and (f))
indicate the variation of the azimuthal angle (¢) changing from 0° to
360°, while keeping the polar angle (0) at 45°. The dashed lines with
arrows (pointing from Z to X) indicate the variation of the polar angle (6)
from 0° to 90°, while keeping the azimuthal angle (¢) at 0°.

As proposed in reference [9], only the absolute values of the Schmid
factors are shown, because dislocation movement is allowed in both a
given slip direction and its opposite direction [43]. Fig. 4 (g) shows the
Schmid factor as a function of azimuthal angle (¢: from 0° to 360°, while
keeping 0 at 45°) along the dashed arrow circles in Fig. 4 (e) (red) and (f)
(blue), respectively. Fig. 4 (h) shows the Schmid factor as a function of
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Fig. 2. Texture analysis of the Ti(C,N) coatings. (a) and (b) Plan view SEM micrographs of the Ti(C,N) coatings with 100 and 211 textures, respectively. (c) and (d)
Fracture cross sectional SEM micrographs of the Ti(C,N) coatings with 100 and 211 textures, respectively. (e) and (f) EBSD IPF maps along the coating normal
direction (out of plane), obtained from plan view sections of the 100 and 211 textured Ti(C,N) coatings, respectively. (g) Colour legend of crystallographic orien-
tations in the IPF maps. (h) IPF of the 100 textured coating. (i) IPF of the 211 textured coating.

polar angle (¢: from 0° to 90°, while keeping ¢ at 0°) along the dashed
arrow lines in Fig. 4 (e) and (f) (with identical values in black). The
maximum (absolute) value of the Schmid factor is 0.5, which means the
dislocation slip is most easily activated for the corresponding loading
direction. The minimum (absolute) value of the Schmid factor is 0,
which means that dislocation slip cannot happen for the corresponding
loading direction.

The Schmid factor diagrams for all six slip systems of the {100}<
110> (including (001)[110], (010)[101], (100)[011], (001)[110], (010)
[101] and (100)[011]) are calculated and shown in Fig. 5 (a). For each
loading orientation, the ability of plastic deformation is influenced by
the Schmid factor values for all six slip systems. Therefore, a complete
Schmid factor diagram is calculated by superimposing the diagrams of

all slip systems, where for each loading orientation the maximum
Schmid factor is chosen from the corresponding values of all slip sys-
tems. The complete Schmid diagram simulated for the 100 orientated
grain with {100}<110> slip systems and varying force angles is shown
in Fig. 5 (b).

Following the same principle, Schmid factor diagrams of all six slip
systems of the {110}<110> type (including (110)[110], (110)[110],
(011)[011], (011)[011], (101)[101] and (101)[101]) were calculated,
and are shown in Fig. 6 (a). A corresponding complete Schmid diagram
was obtained by imposing the maximum Schmid factor values of these
six diagrams, as shown in Fig. 6 (b).

Fig. 7 (a) shows the Schmid factor diagrams of all 12 slip systems of
the {111}<110> type (including (111)[101], (11T)[101], (1T1)[101],
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211 texture

Fig. 3. SEM micrographs of the Ti(C,N) coatings on the worn rake face of the cutting tool inserts. (a), (b) and (c) the 100 textured coating in zone I, II and II/III,
respectively. (d), (e), and (f) micrographs of the 211 textured coating in zone I, II and II/11I, respectively. The chip flow direction (CFD) is indicated by arrows. Ridges

formed due to large plastic deformation in (f) are marked.

(11D)[T01], (1T1)[011], (11T)[011], (ATD)[011], (111)[011], (111)
[110], (111)[110], (111)[110], and (111)[110]). A corresponding
complete Schmid diagram was obtained by imposing the maximum
Schmid factor values of these twelve diagrams, as shown in Fig. 7 (b).

3.3. Schmid factor simulation of rock salt crystals with 211 coating
textures

As mentioned above, the diagrams shown in Figs. 5 (b), 6 (b) and 7
(b) present the Schmid factors of a rock salt crystal with a 100 orien-
tation. Different orientations of the crystal would influence the activa-
tion of its slip systems with respect to the external force, and thus cause
different Schmid factor diagrams. Here, we now calculate Schmid factor
diagrams for rock salt structures with 211 orientation (along the coating
normal, i.e. 211 texture), and compare with the results of the 100
orientation.

Following the same principle as above for the 100 grain orientation,
now aligning the [211] direction parallel to the coating normal direc-
tion, the complete Schmid factor diagrams of the 211 orientated grains
are obtained. Fig. 8 shows the corresponding diagrams for the {100} <
110> (Fig. 8 (a)), {110}<110> (Fig. 8 (b)), and {111}<110> (Fig. 8
(c)) slip systems.

The symmetries of the Schmid factor diagrams are given by the
symmetries of the rock salt crystal structure. For the 100 oriented
crystal, the Schmid factor diagrams exhibit a four-fold rotational sym-
metry, see Figs. 5 (b), 6 (b) and 7 (b), which coincides with the rotational

symmetry around the <100> directions of the rock salt crystal. How-
ever, the Schmid factor diagrams for the 211 oriented crystal have no
rotational symmetry around the coating normal, as shown in Fig. 8.

3.4. Schmid factors of polycrystalline coatings with rock salt structure

Schmid factor analysis for fibre-textured coatings is developed based
on the Schmid factor diagrams calculated for the ideally orientated
crystals in Figs. 5 (b), 6 (b), 7 (b) and 8. It is assumed that the coating
grains exhibit a random rotation around the coating normal, while
maintaining their orientation (texture) along the coating normal. Thus,
for each polar angle (), the average Schmid factor (over all grains
within the coating) is deduced from all azimuthal angles (¢). The
averaged Schmid factor value (m) as a function of the polar angle (0) is
calculated for ideally textured coatings, see Figs. 9, 10 and 11. The error
bar is defined as the standard deviation of all Schmid factor values at
different azimuthal angles (¢) for a certain polar angle ().

Fig. 9 shows the Schmid factor results for the {100}<110> slip
system. As shown in Fig. 9 (a), for the 100 textured coating, the averaged
Schmid factor (m) has a minimum value at low polar angle 6 (around the
center of the diagram shown in Fig. 5 (b)), and increases with higher
polar angle and reaches a maximum average value at § = 40°. As
mentioned above, the polar angle of the resulting force for zone I is
around 10°, while at zone II/III it is around 45°. The corresponding m
values are indicated in Fig. 9 (a): m = 0.16 for 10°; m = 0.45 for 45°. For
the 211 textured coating, the averaged Schmid factor has a maximum
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Schmid factor diagrams for the (001)[110] and (001)[110] slip systems for the rock salt grain with 100 growth orientation, respectively. The diagrams are presented
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the azimuthal angle (¢) changing from 0° to 360°, while keeping the polar angle () at 45°. The dotted lines with arrows (pointing from Z to X) indicate the variation
of the polar angle (6) from 0° to 90°, while keeping the azimuthal angle (¢) at 0°. (g) Schmid factors as a function of azimuthal angle (¢: from 0° to 360°, while
keeping 6 at 45°) along the dashed arrow circles in (e) (blue) and (f) (red), respectively. (h) Schmid factors as a function of polar angle (¢: from 0° to 90°, while
keeping ¢ at 0°) along the dashed arrow lines in (e) and (f) (identical, black colour). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

value at low polar angle, decreases with higher polar angles and reaches
a stable plateau from around 6 = 23°, see Fig. 9 (b): m = 0.45 for 10°; m
= 0.37 for 45°. It worth noting that there is a large spread of m values at
zone II/III (45°), reflecting the larger difference between grains with
different azimuthal angles.

Fig. 10 shows the m value as a function of polar angle (6) for textured
coatings with the {110}<110> as active slip systems. For the 100
textured coating, the averaged Schmid factor has a maximum value at
low polar angle (zone I), and decreases with higher polar angle, where
the minimum value of m appears close to 45°, see Fig. 10 (a): m = 0.48
for 10°; m = 0.21 for 45°. Fig. 10 (b) shows the variation of m value for a
211 textured coating. The m values lie in a region between 0.25 and 0.35
for all polar angles. The m is around 0.28 for zone I (¢ = 10°) and 0.35 for
zone II/III (0 = 45°).

The averaged Schmid factor m as a function of loading polar angle (6)

for the {111}<110> slip system is presented in Fig. 11. In general, the m
values are higher for both the 100 and 211 textures for these slip sys-
tems. This is because the {111}<110> contains more slip systems
(twelve instead of six) and this makes the complete Schmid factor dia-
grams more isotropic (and with higher values in general, see Fig. 8 (c))
than that of {100}<110> (Fig. 8 (a)) and {110}<110> (Fig. 8 (b)). For
the 100 and 211 textured coatings, the m values lie in a range between
0.4 and 0.5, and are not much influenced by the polar angle (), see
Fig. 11. The corresponding m values for zone I and zone II/IIl are
labelled for both the 100 and 211 textures in Fig. 11. The similar m
values for both textures and wear zones indicate that the ability for
plastic deformation is quite independent of texture and external force
angle for these slip systems.

When a fibre textured coating is loaded by a resulting force with a
certain inclination/polar angle (6), grains will have different Schmid
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Fig. 5. Schmid factor diagrams calculated for the {100}<110> slip systems of the 100 orientated grain. (a) Schmid factor diagrams of the six slip systems belonging
to {100}<110>. (b) Schmid factor diagram obtained by combining the local maximum values of the six diagrams in (a).

factors (the origin of the spread in Figs. 9, 10 and 11), because they are
randomly rotated around the coating normal direction, resulting in
different azimuthal angles (¢) relative to the loading force. This means
that in a given wear zone, grains will have different m values for the
same slip system, leading to different degrees of plastic deformation (for
that slip system). Figs. 12 and 13 show the spread of simulated Schmid
factors in zones I and II/III, for different slip systems and textures. Due to
the spread of grain growth directions along the coating normal, i.e., the
coating fibre texture is not perfect, m values within a window of + 5°
centered around the ideal polar angle (10° for zone I, and 45° for zone II/
III) were considered. This corresponds to a variation of external force
with + 5° polar angle for a perfect fibre texture. For zone I, the m values

corresponding to polar angles within a range of 10 + 5° are presented,
see Fig. 12. For zone II/III, the m values corresponding to polar angles
within a range of 45+ 5° are presented, see Fig. 13.

4. Discussion
4.1. Influence of texture and polar angle on Schmid factors

According to the simulated Schmid factor diagrams, the {111}<
110> slip systems show higher m values with lower spread (Figs. 7 (b)
and 8 (c)) than those for the {100}<110> (Figs. 5 (b) and 8 (a)) and
{110}<110> systems (Figs. 6 (b) and 8 (b)). This is also reflected by the
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Fig. 6. Schmid factor diagrams calculated for the {110}<110> slip systems of the 100 orientated grain. (a) Schmid factor diagrams of the six slip systems belonging
to {110}<110>. (b) Schmid factor diagram obtained by combining the local maximum values of the six diagrams in (a).

higher averaged Schmid factor values (m) with smaller error bars in the
m — 6 plots of the {111}<110> systems (Fig. 11) than those of the
{100}<110> (Fig. 9) and the {110}<110> (Fig. 10) systems. The fre-
quency diagrams also reveal that the {111}<110> systems have a lower
spread of the m values (but with higher values close to 0.5) in both zone I
(Fig. 12) and zone II/III (Fig. 13) for different textures, compared to the
other two types of the slip systems. This low spread of m values (with
high values close to 0.5) for the {111}<110> is due to that the {111}<
110> contains more (twelve) equivalent slip systems that could respond
to the external force, compared to the {100}<110> and {110}<110>
systems (six in each case). In addition, it is obvious that, for the {111} <
110> slip systems, the coating fibre texture and the external force polar

angle (0) have negligible influence on the averaged Schmid factor values
(m) and the spread of the m values, see Figs. 11, 12 and 13.

In comparison, when the activated slip systems are either {100}<
110> or {110}<110>, the coating texture and the polar angle (0) of the
external force have more influence on the average and spread of the
Schmid factor values than that of {111}<110>. The overall averaged
Schmid factor values (m) for the {100}<110> and {110}<110> slip
systems are lower compared to the {111}<110>, for most polar angles
and different textures (Figs. 9, 10 and 11). This is due to the fewer slip
combinations in these two types of slip systems.

For the {100}<110> slip systems, in zone I, the m values spread
between 0.07 and 0.25 for the 100 texture (Fig. 12), and spread between
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Fig. 7. Schmid factor diagrams calculated for the {111}<110> slip systems of the 100 orientated grain. (a) Schmid factor diagrams of the twelve slip systems
belonging to {111} <110>. (b) Schmid factor diagram obtained by combining the local maximum values of the twelve diagrams in (a).

0.32 and 0.5 for the 211 texture (Fig. 13). Thus, in zone I, the averaged
Schmid factor value (m) is lower for the 100 texture than that for 211
texture (Fig. 9). In the zone II/III, m values spread between 0.35 and 0.5
for the 100 texture (Fig. 12), and spread between 0.1 and 0.5 for the 211
texture (Fig. 13). Thus, in the zone II/III, the averaged Schmid factor
value (/) is higher for the 100 texture than that for 211 texture (Fig. 9).

For the {110}<110> slip systems, in zone I, the m values spread
between 0.45 and 0.5 for the 100 texture (Fig. 12), and spread between
0.06 and 0.42 for the 211 texture (Fig. 13). Thus, in zone I, the averaged
Schmid factor value (m) is higher for the 100 texture than that for 211
texture (Fig. 10). In the zone II/III, m values spread between 0.05 and
0.3 for the 100 texture (Fig. 12), and spread between 0.15 and 0.5 for the

211 texture (Fig. 13). Thus, in the zone II/III, the averaged Schmid factor
value () is higher for the 211 texture than that for 100 texture (Fig. 10).

4.2. Influence of texture and slip systems on the coating plastic
deformation

The amount of plastic deformation of the Ti(C,N) coating depends on
several factors, including the m values of grains, the applied stress
during the metal machining process, and the (temperature dependent)
critical resolved shear stress (CRSS) of the slip system. As has been
explored in this work, the m values depend on the fibre texture that
remains invariant with location, and the local loading direction of the
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Fig. 8. Schmid factor diagrams of the (a) {100} <110>, (b) {110}<110> and (c){111}<110> slip systems, respectively, for a crystal with a 211 orientation.
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external force that varies in different wear zones. The applied stress,
including the magnitude and loading direction, changes with location on
the cutting tool insert [7]. The CRSS depends on the activation of
different slip systems, and is thus influenced by the local temperature,
which also changes with location on the cutting tool insert [7].

To study the influence of fibre texture on the plastic deformation of
the Ti(C,N) coatings, the same wear zones (same location) on the 100

10

and 211 textured samples need to be compared, because all other
influencing factors vary between different zones. In addition, the acti-
vated slip systems in each zone could be evaluated according to the
observed difference of plastic deformation between the 100 and 211
textured coatings.

As discussed in Section 4.1, the {111}<110> slip systems have m
with high values spreading within a narrow span close to 0.5 for
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(b) 211 textures, respectively. The spread of the Schmid factor value at each polar angle () represents the standard deviation of the values from all azimuthal angles
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zone I.

different textures and wear zones. This means that when it comes to
machining operations, for the rock salt structured polycrystalline coat-
ings that have the {111}<110> slip systems activated, the fibre texture
and the polar angle of the external force have no significant influence on
the degree of plastic deformation of the coatings. In addition, due to the
low spread of the m values for the {111}<110>, the plastic deformation
is expected to be isotropic for the different textures and polar angles. The
same principle can be applied to polycrystalline FCC metallic materials
with {111}<110> as the activated slip systems.

However, as shown in see Fig. 3, the degree of plastic deformation of
the Ti(C,N) coatings was found to vary with both the coating texture and
the external force polar angle (wear zone). It indicates that the (domi-
nant) activated slip systems under the corresponding condition of the

11

machining process (e.g. the thermal and pressure loads) are not {111}<
110>.

In zone I, more plastic deformation was found for the 100 textured
coatings than for the 211 textured coatings. In zone II/III, more plastic
deformation was found for the 211 textured coatings than for the 100
textured coatings. These observations imply that the m values are higher
for the 100 texture than the 211 texture at low polar angles (¢ = 10° for
zone I), and are higher for the 211 texture than the 100 texture at high
polar angles (0 = 45° for zone II/1II). According to the analysis in Section
4.1, this suggests that the dominant activated slip systems for the Ti(C,
N) coatings under the condition of the metal machining process in this
work are {110}<110>.

In addition, the 211 textured coating exhibits a more anisotropic
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deformation for the Ti(C,N) grains, where some grains deformed more
heavily than others, creating long ridges in zone II/III (see Fig. 3 (f)).
This could be due to that these grains have m values spreading in a wide
range for the {110}<110> (see Fig. 13), and some of them with high m
values (close to the 0.5) were more elongated. However, the grains in the
100 textured coating, having lower m values spreading in a narrower
range for the {110}<110> (see Fig. 13), shows less deformation and a
more isotropic response for the Ti(C,N) grains.

4.3. Considerations of the activated slip systems

Although the slip systems of Ti(C,N) have not been reported, the slip
systems of other cubic metal carbides and nitrides, such as titanium
carbide (TiC [36,37,44,45]) and titanium nitride (TiN [31,46]), have
been studied and can serve as starting points for understanding the
plastic deformation of Ti(C,N). Using density functional theory (DFT)
simulations, Yadav et al. studied Peierls stress [47] on different slip
systems of the TiN, where the minimum and maximum Peierls stresses
were found to exist on the {110}<110> and the {100}<110> slip sys-
tems, respectively, and the second largest Peierls stress is on the {111} <
110> [46]. Further DFT simulations for the stacking fault energy on
different atomic planes of the TiN [31] and TiC [44] also support that
the {110}<110> are the preferred slip systems. However, it should be
pointed out that the preferred slip systems can vary with temperature. A
brittle to ductile transition (BDT) was observed in TiC, below the BDT
temperature (around 800 °C) the {110}<110> slip systems are
preferred, and above the BDT temperature the {111}<110> slip systems
are preferred [36,37].

Although the observed plastic deformation of the Ti(C,N) coatings in
zones I and II/III is consistent with the simulation results for the {110} <
110>, it should be noted that the {100}<110> and {111}<110> slip
systems could also be activated to some degree due to the extreme force
applied on the cutting tool surfaces during machining, and the high local
temperatures, as reported in [7]. However, it is likely that the local
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temperature at the contact between the Ti(C,N) coatings and the
workpiece material during the metal machining process is not high
enough to generate as large amount of dislocations on the {111} or
{100} planes as on the {110} planes. Thus, the {110}<110> are the
dominant slip systems and cause the observed differences in plastic
deformation between the 100 and 211 textured coatings.

5. Conclusions

In this work, we have applied a Schmid factor simulation method to
analyse the ability of plastic deformation due to the chip flow of wear-
resistant coatings with rock salt structure. The simulations were
compared to wear on the rake face of two textured Ti(C,N) coatings,
tested by longitudinal turning for 1 min. Based on our findings, we come
to the following conclusions:

e The 100 textured Ti(C,N) coating shows more plastic deformation in
zone I and less plastic deformation in zone II/IIl than the 211
textured Ti(C,N) coating.

In the 100 textured coating, grains start to deform plastically in zone

II and show a homogeneous deformation in zone II/III. In the 211

textured coating, grains show deformation in zone II and some grains

deform more heavily in zone II/III creating long ridges.

The Schmid factors for the {111}<110> slip systems are not

significantly influenced by the coating texture or by the angle of the

resulting cutting force.

e Schmid factors for the {100}<110> and {110}<110> slip systems
are more dependent on the coating texture and the external force
angle.

e The observed surface morphology and grain deformation of the worn
coatings of the textured Ti(C,N) coatings on the rake face coincide
best with the simulation results of the {110}<110> slip systems,
which are therefore believed to be the dominant activated slip sys-
tems during the metal machining tests applied in this work.
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This work demonstrates that the plastic deformation behavior during
metal machining of wear-resistant coatings with rock salt crystal struc-
ture and different growth textures can be understood by Schmid factor
simulations. It thus helps to design coatings with desirable wear
behavior. In addition, this methodology can be extended to coatings
with other crystal structures and growth textures.
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