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ARTICLE INFO ABSTRACT

Fracture toughness is an important characteristic for coatings for high speed cutting of titanium. This study
focuses on improving the fracture toughness of the coatings using a layered design method. TiAIN/CrN multi-
layer coatings with bilayer periods between 12 nm and 270 nm were prepared by reactive magnetron sputtering.
XRD results show the multilayer coatings have face-centred cubic structures. When the bilayer period of mul-
tilayer coating decreases from 270 nm to 25 nm, the coating hardness decreases from 24.5 GPa to 18.1 GPa.
Increased fracture toughness and adhesion strength of multilayer coatings are observed with decreasing bilayer
periods. A maximum fracture toughness (Kic) of 3.6 MPa m'/? and adhesion strength of 107 N were obtained
with a 25 nm bilayer period. The inhibition of crack propagation is the main reason for the high fracture
toughness values in multilayer coatings. However, when the bilayer period is decreased further (12 nm), the
coating hardness begins to increase rapidly to 23.4 GPa, and the fracture toughness and adhesion strength begin
to decrease. Titanium cutting results show that an improvement in cutting performance is obtained with a
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TiAIN/CrN_25 multilayer coating.

1. Introduction

Titanium alloys have been widely used in many industrial fields,
including the aeronautic, automotive and biological industries [1].
However, machining of titanium alloys is still a challenge. Serious tool
vibration is one of the most critical issues during alloy machining be-
cause of titanium’s low elastic modulus [2—-4]. Tool vibration will ac-
celerate crack propagation at the tip, which will result in reduced
cutting performance. This problem becomes more severe during high
speed machining of titanium alloys. Therefore, it is important to im-
prove the coating toughness for tools for machining titanium alloys.

Physical vapor deposition (PVD) is a widely used method of coating
tools to improve their cutting performance. It is well known that metal
nitride hard coatings can improve the lifetime and cutting performance
of cutting tools. For example, TiAIN coating has been widely used in
many cutting operations due to its high hardness and wear resistance
[5-8]. CrN coatings have high oxidation temperatures and excellent
corrosion resistances [9,10]. However, it is difficult for a single coating
to meet the requirements for the high speed machining of titanium, so
many methods have been developed to improve the mechanical
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properties of the coatings. One successful advance in the coating in-
dustry was the implementation of multilayered architectures [11-14].
Multilayer structural design has attracted much attention in improving
the performance of metal/metal, metal/ceramic and ceramic/ceramic
coatings [15-18]. Previous studies on TiAIN/CrN coatings have shown
that a layered design is an effective way to give coating excellent me-
chanical and thermal properties [19,20]. In addition, the improved
coating performance is closely related with the bilayer period of mul-
tilayer coatings. The influence of the bilayer period on the micro-
structure and mechanical properties of multilayered coatings has been
well studied. However, previous studies have mostly focus on bilayer
periods below 50 nm. Thicker bilayer periods have rarely been re-
ported. Generally, most of studies (bilayer period < 50 nm) have shown
that the hardness of the coating increases first and then decreases as the
bilayer period increases (0-50 nm) [21-23]. However, recent study has
found that when continues to increase the bilayer period (> 50 nm),
the hardness of the coating may also be on the rise [24]. Therefore, the
effect of thicker bilayer periods (> 50 nm) on the mechanical proper-
ties of the coating needs further study. In this study, TiAIN/CrN coat-
ings with relatively large bilayer periods, between 12 nm and 270 nm,
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Table 1
Deposition time for the different layers of multilayer coatings.

Coatings  Bulffer layer (min) Multilayer structure (min) Bilayer period
(nm)
Cr CrN CrN TiAIN
Sample 1 5.0 5.0 0.25 x 216 0.25 x 215 = 12
Sample 2 5.0 5.0 0.50 x 108 0.50 x 107 = 25
Sample 3 5.0 5.0 1.00 x 54 1.00 x 53 =~ 52
Sample 4 5.0 5.0 3.00 x 18 3.00 x 17 ~ 150
Sample 5 5.0 5.0 6.00 x 9 6.00 x 8 = 270
Table 2

Cutting parameters for titanium cutting test.

Machining Tool substrate Speed (m/  Depth of Feed

operation min) cut (mm) (mm/rev)

Longitudinal WC-Co, 100 0.5 0.2
turning CNMG120408

were prepared by reactive magnetron sputtering. The effect of the bi-
layer period on the coating microstructure and mechanical properties
has been studied. Furthermore, the titanium cutting performance of
these coatings was evaluated by a titanium cutting experiment.

2. Experimental details

Multilayered TiAIN/CrN coatings were prepared on cemented car-
bide (YG8,Co = 8 wt%) and commercial n-type Si (100) wafer sub-
strates using reactive magnetron sputtering. The magnetron sputtering
device was equipped with four 3.5-in. targets. The substrates were first
polished with diamond abrasive discs and then with 2.5 pm diamond
pastes until smooth surfaces with roughnesses of Sq = 10 nm were
obtained. Then, the substrates were sequentially cleaned with acetone
and ethanol in an ultrasonic cleaner. The pre-treatment method is
identical to those of our previous report [25].

After the base pressure reached 3 x 1073 Pa, the substrate was
heated to 400 °C. A pure Cr target (99.99%) and a TipsoAlo.so alloy

b) Bilayer period

125 nm
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target (99.9%) were used to prepare alternating CrN and TiAlN layers,
respectively. All targets were cleaned by sputtering in pure argon gas
for 5 min before depositing the coatings. Pure Cr and CrN buffer layers
were first sequentially deposited at an argon pressure of 0.5 Pa for
5 min. Then, the total work pressure was maintained at 0.5 Pa with
Pno/(Par+Prno) = 30%. Alternating coatings of CrN and TiAIN were
deposited. The CrN layers were deposited with a pure Cr target power
of 900 W. The Tig 50Alo.50 target was operated at 900 W to deposit the
TiAIN layer. The deposition time of each layer was controlled by the
switching time of the target baffles. Thus, multilayer coatings with
different bilayer periods were obtained, as shown in Table 1.

The morphologies and thicknesses of the coatings were character-
ized by scanning electron microscopy (SEM, SUPRA 35). An energy
dispersive spectrometer (EDS, OXFORD) was used to evaluate the
chemical composition. The crack propagation behaviour was observed
by transmission electron microscopy (TEM, TECNAI G2 F30). Structural
investigations were performed with glazing incidence X-ray diffraction
(GIXRD, D/MAX 2400) with diffraction angles between 30° and 80° and
an incident angle of 3°. The wavelength of the CuKa radiation was
0.154 nm. Surface roughness was determined with an atomic force
microscope (AFM, NANOSURF C3000). The hardness of the coatings
was determined by a nanoindenter (AGILENT, G200) with an in-
dentation depth of approximately 200 nm and a Poisson’s ratio of 0.23.
Due to the lack of an effective method for evaluating the fracture
toughness of the hard coating material, an indentation method to is
usually used to evaluate fracture toughness for reference. In this paper,
the coating fracture toughness was measured with a Vickers hardness
tester (FUTRUE-TECH, FM-800) under a load of 100 g. The fracture
toughness (Kjc) of the deposited coatings is calculated by the following
equation [26-28]:

P E
Kic =6 —=1|.|—
© (03/2) H )}

where P is the applied load; § is the indenter geometry constant, which
is equal to 0.016 for a Vickers diamond pyramid indenter; E and H are
the elastic modulus and hardness, which can be calculated directly from
the indentation analysis; and C is the radial crack length emanating
from the corners of the sharp indenter.
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Fig. 1. Cross-section SEM images of the TiAIN/CrN coatings with different bilayer periods.
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Fig. 2. Particle size distribution of the TiAIN/CrN coatings with different bilayer periods. 12 nm (a); 25 nm (b); 52 nm (c); 150 nm (d); and 270 nm (e). The inserts are the surface AFM

images of the corresponding TiAIN/CrN coatings.
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Fig. 3. XRD patterns of the TiAIN/CrN coatings with different bilayer periods.

The adhesion strength was tested with a scratch tester (MFT-4000)
at a loading rate of 100 N/min and a scratch length of 5mm.
Indentation and scratch morphologies were observed by optical mi-
croscopy (OLYMPUS, DSX500). Titanium turning tests were conducted
on a CNC lathe (MAZAK® INTEGREX 200Y). A coolant was applied
during the testing. Cutting parameters are listed in Table 2.

3. Results and discussion
3.1. Coating structure and morphology

The fracture cross-section morphologies of TiAIN/CrN multilayer
coatings were observed by SEM, as shown in Fig. 1. The thickness of our
coatings ranged from 2.4 pm to 2.7 pum. As shown in Fig. le, the dark
layer is the TiAIN coating, and the light-coloured layer is the CrN
coating. The thickness ratio between the CrN and the TiAIN layers is
1.62. Since the deposition time of TiAIN and CrN is increased pro-
portionally, we can assume the thickness ratio of the TiAIN to the CrN
layers is constant and approximately equal to 1.62 in all cases. From
Fig. 1b to 1le, we can clearly see that the bilayer periods of the TiAIN/
CrN multilayer coatings are approximately 25, 52, 150 and 270 nm.
The bilayer period of ~ 12 nm for the TiAIN/CrN multilayer coating
(Fig. 1a) was calculated according to the deposition rate of TiAIN and
CrN. For convenience, we use TiAIN/CrN_270 to represent the TiAIN/
CrN multilayer coatings with a bilayer period of 270 nm in the sub-
sequent discussion.

High-magnification SEM images of the TiAIN/CrN coatings with
small bilayer periods mainly show the columnar morphology. As the
bilayer period decreases, the columnar characteristic of the coatings
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Fig. 5. Fracture toughness of the TiAIN/CrN coatings with different bilayer periods.

becomes insignificant. When the bilayer period increases to 270 nm, the
TiAIN/CrN_270 coating is closer to exhibit a fine-grain structure. This
cross-sectional morphology change is consistent with the trends ob-
served in the surface AFM images of the TiAIN/CrN coatings. The cal-
culated particle size distributions from the AFM images are presented in
Fig. 2. The surface particle generally composed by several adjacent
columnar grains. This leads to that the surface particle size in Fig. 2 is
larger than the size of columnar grains in Fig. 1. Although the surface
particle size is not identical to the columnar grain size inside the
coating, it can reflect the relation between the columnar grain and the
surface particle in a certain extent.

The XRD patterns of multilayer coatings are shown in Fig. 3. There
is only a set of (111) and (200) diffraction peaks, suggesting that our
coatings have face-centred cubic (fcc) structures. This is because the
TiAIN and CrN coatings have fcc structures, and they have a template
effect on each other [29]. Therefore, due to the small mismatch be-
tween lattice parameters, coherent epitaxial growth occurs easily at
small the bilayer periods [29,30]. In this case, the coating tends to grow
into large columnar crystals. In addition, the intensity of the diffraction
peaks is also stronger at the small bilayer period. Therefore, the smaller
the bilayer thickness is, the better the crystallinity. This is consistent
with the statistical results of particle size shown in Fig. 2. In this study,
the grain size is related to the columnar growth because the continuous
growth of columnar crystals inside the coating may be interrupted by
the presence of thicker CrN layers. Reducing the bilayer period is easy
to make the coating prone to template growth and otherwise the
coating is not template growth. That is to say, the coating exhibits a
fine-grain structure without template growth effect (Fig. 1e) and results
in a large columnar structure for template growth. Thus, the grain size
of multilayer coatings increases as the bilayer period decreases in the
bilayer period range studied in this work.

Ceramics International 44 (2018) 5629-5635

3.2. Hardness

The hardnesses of the TiAIN/CrN coatings are presented in Fig. 4.
The hardness curve exhibits “V” type as show in Fig. 4. When the bi-
layer period decreases from 270 to 25 nm, the coating hardness de-
creases from 24.5 GPa to 18.1 GPa (blue region in Fig. 4). However,
continue to reduce the bilayer period, the hardness of the coatings in-
creases rapidly to 23.4 GPa (red region in Fig. 4). Generally, the
hardness of sputtered coatings is mainly decided by the size of the co-
lumnar crystals. The hardness is usually inversely proportional to the
grain size according to the Hall-Petch formula. However, the effect of
the interfaces on the hardness of the coating is also important in mul-
tilayer coatings. The more interfaces will cause a higher hardness.
Therefore, the hardness of our multilayer coatings can be explained by
two factors: particle size and interface number.

Fig. 4b shows the variation of the particle size and interface number
with the bilayer period. When the bilayer period decreases from 270 to
25 nm, as shown in the blue region of Fig. 4b, the particle size of the
coatings increases quickly from 161 to 310 nm. At the same time, the
number of interfaces in the coatings increases slowly. So, the hardness
of the coating in this region is primly controlled by grain refinement
mechanism. However, when the bilayer period continues to drop to
12 nm, as shown in the red region of Fig. 4b, the number of interfaces in
the coating increases dramatically. The increase in particle size is
within the error range. As a result, the effect of the interface strength
mechanism is enhanced and the hardness of the coating changes to
increase. Other explanation for this phenomenon is the dislocation-
based mechanism proposed by Chu and Barnett [31] or a combined
effects of a superlattice effect, the coherency strain effects and the
Koehler models [11,32-34]. The stresses required for dislocations to
glide across layers with different shear modulus are larger at small bi-
layer periods.

3.3. Fracture toughness

The fracture toughnesses (K;¢) of the TiAIN/CrN coatings deposited
on the Si (100) substrates were calculated from Eq. (1) (shown in
Fig. 5). An increase in fracture toughness of the multilayer coatings is
observed when the bilayer period decreases from 270 to 25nm. A
maximum K¢ value of approximately 3.6 MPam'/? is obtained at a
bilayer period of 25 nm. This trend is consistent with previous studies
on TiAIN/CrSiN multilayer coatings [28]. Generally, the fracture
toughness of sputtered coatings is inversely proportional to the hard-
ness. However, the interface effect also has a significant effect on
toughness in multilayer coating system. Phenomena such as crack de-
flection, energy dissipation, and stress relaxation occurs at the interface
often helps to improve the toughness of the coatings [15,28,35].

b) Bilayer period: 25 nm

Iy

Crack deflection
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/ Edge crack

Fig. 6. Indentation morphology and schematic of the TiAIN/CrN
coatings with different bilayer periods.
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Fig. 7. Cross-section TEM images of the TiAIN/CrN coatings with
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Fig. 8. Critical load of TiAIN/CrN coatings with different bilayer periods.

Therefore, when the bilayer period decreases from 270 nm to 25 nm,
the reason for the increase of coating toughness is mainly due to the
decrease of hardness and the increase of interface quantity (blue region
in Fig. 4). The highest fracture toughness of TiAIN/CrN_25 coating is
owing to its lowest hardness and relatively more interface. However, as
the bilayer period is further reduced to 12 nm, the hardness of TiAIN/

different bilayer periods.

CrN_12 coating increases rapidly. The high hardness will significantly
reduce the toughness of the coating. In addition, although the number
of interfaces of the TiAIN/CrN_12 coating is increased, the interface
becomes more noticeable (Fig. 1). This will also be harmful to the
coating toughness. So the toughness of TiAIN/CrN_12 coating is re-
duced.

To study the effect of multilayer design on fracture toughness, the
indentation morphologies of TiAIN/CrN coatings with bilayer periods
of 270 nm and 25 nm were observed by SEM, as shown in Fig. 6. The
corresponding indentation morphology schematic is also presented in
Fig. 6. When a load is applied to the coating, it will produce internal
stress in the multilayer coatings at the edge of the indentation (Fig. 6).
When the bilayer period is large (270 nm, Fig. 6a), it is easy to produce
a serious transgranular shear crack in the coating under this internal
stress [36]. Thus, deep and straight edge cracks tend to be formed at the
edges of the indentation (see Fig. 6a). However, with decreased bilayer
periods, the number of interfaces in the coatings increase, which leads
to crack deflection at the interfaces [37]. Thus, small and bent cracks
tend to be formed at the edges of the indentations (see Fig. 6b). This is
the main reason for the high fracture toughness of TiAIN/CrN_25

Fig. 9. Scratches in the TiAIN/CrN coatings with different bilayer
periods at loads of 55 N and 100 N.
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coatings.

The crack propagation behaviour in multilayer coatings can also be
observed by TEM as shown in Fig. 7. When the bilayer period is
270 nm, the cracks deflect only slightly at the interface, and crack
propagation is continuous (see Fig. 7a). It is easy for the cracks to ex-
tend into the internal crystal. As a result, the cracks formed in the
coatings are long and straight. When decreasing the bilayer period to
25 nm, the number of interface increases, and the crack propagation is
inhibited and deflected at the interfaces. Cracks formed in the coatings
are discontinuous and bent. The ability of a multilayer design to inhibit
crack propagation improves the fracture toughness of the coating.

3.4. Adhesion

The results of the scratch tests are shown in Fig. 8. All coatings
exhibited good adhesion with minimum critical loads of not less than
60 N. The good adhesion strengths of these coatings can be attributed to
the presence of the Cr and CrN interlayers [19]. As the bilayer period
decreases, the coating adhesion strength peaks at 107 N at a bilayer
period of 25 nm, and then it decreases to 95 N at a bilayer period of
12 nm. This is consistent with the observed scratch morphology. At a
load of approximately 55 N, deep, obvious transverse cracks occurred
along the scratch track of the TiAIN/CrN_270 coating (Fig. 9a). Chips in
the coating also appeared on both sides of the scratch track. However,
the number of transverse cracks and chips decreased gradually as the
bilayer period decreased. The transverse cracks and chips disappeared
from the scratch track at a load of 55 N when the bilayer period de-
creased to 25 nm (Fig. 9b). The decrease in the number of transverse
cracks and chips is mainly related to an increased interface enhance-
ment effect due to a decrease in the bilayer period, which can improve
the adhesion strength. As the bilayer period is further reduced to
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12 nm, the number of transverse cracks in the coating decreased
slightly, but no obvious chipping was observed on either side of the
scratch track (Fig. 9¢). At a higher load of 100 N, chipping occurred on
all multilayered coatings. However, spallation of the coatings did not
occur, and no total delamination was observed in scratch track.

3.5. Titanium cutting results

Fig. 10 shows a comparison of tool wear on coated inserts for
continuous turning of a titanium alloy (TC4) at a cutting speed of
100 m/min with coolant. Tool wear was evaluated by measuring the
average flank wear land width (Vb) as shown in the inserts of Fig. 10.
Since the titanium alloy is difficult to machine due to its low elastic
modulus, high chemical affinity, and low thermal conductivity, the
coater inserts has already severely damaged after high speed cutting
titanium as shown in Fig. 11. According to the cutting results, the
coating flaking of the TiAIN/CrN_25 coating occurs less than that of the
other two coatings and the cracks generated inside the coating are well
suppressed. This means that the TiAIN/CrN_25 coating has the best
performance. Generally, the cutting performance of coatings is closely
related to its adhesion, toughness, hardness, oxidation resistance and so
on. Meanwhile, in this study, the TiAIN/CrN_25 coating has the lowest
hardness, the highest critical load and fracture toughness. Thus, it is
reasonable that the good toughness and high adhesion strength may
play more important role in obtaining good cutting performance except
for hardness, oxidation resistance and red hardness [38]. This may be
mainly due to the severe tool wear and chatter during cutting titanium
alloy.

4. Conclusions

In this work, TiAIN/CrN multilayer coatings with a large range of
bilayer periods, 12-270 nm, were prepared by reactive magnetron
sputtering. XRD results show that the multilayer coatings have face
centred cubic (fcc) structures. The effect of the bilayer period on the
coating microstructure and the mechanical and cutting properties has
been studied. When the bilayer period is large (thickness
25-270 nm), the coating hardness decreases from 24.5 to 18.1 GPa as
the bilayer period decreases. The decreased hardness is mainly con-
trolled by a grain refinement mechanism. Increased fracture toughness
and adhesion strength of the multilayer coatings are observed with
decreasing bilayer periods. A maximum K;c of 3.6 MPam'/? and ad-
hesion strength of 107 N were obtained with a 25 nm bilayer period.
The crack propagation inhibition caused by the multilayer design is the
main reason for the increase in the fracture toughness. As the bilayer
period continued to decrease (12 nm), the coating hardness increases
with decreasing bilayer period. The fracture toughness and adhesion

Fig. 11. SEM morphology of worn coated tools after turning Ti6Al4V at 100 m/min. 12 nm (a); 25 nm (b); 270 nm (c).
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strength begins to decrease as well. Titanium cutting results show that
an improvement in cutting performance is obtained with a TiAIN/
CrN_25 multilayer coating.
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