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Abstract

The deformation and failure mechanisms of CrAIN/SizN4 coatings containing grains a few
nanometres in size have been compared with those of conventional CrN-based coatings. It is
shown that the addition of amorphous SizN4 phase increased the yield stress and hardness of the
coating material, but did not change their ratio. This is consistent with theoretical predictions
using existing models. However, cracking in conventional CrN-based coatings was catastrophic,
whereas that in the fine-grained CrAIN/SizNy structure was much more benign, suggesting that

the improved performance of these materials is associated with their fracture behaviours.



Hard coatings of nanometre-sized grains of a transition metal nitride, such as CrN, separated by
an amorphous grain boundary film, such as SizN4, show a greater resistance to erosion by
particles', semi-dry wear in ball-on-disc tests®, dry or semi-dry machining'”* and drilling’ than
conventional CrN-based hard coatings, particularly at higher speeds®. It has been suggested that
this is associated with the greater hardness of these fine-grained coatings™*°. However, further
understanding has been complicated by the lack of any direct measurements of the ratio of the

hardness, H, to the uniaxial yield stress, Y.

In indentation, this is related to the ratio of the Y to the Young modulus £. Where Y/FE is less than
approximately 0.01, typical of metals, the material from the indent is pushed upward towards the
surface, giving rise to pile-up, and the ratio of H/Y is equal to three’. However, for higher values
of Y/E, such as might be expected in hard coatings, the material displaced from the indent is
accommodated elastically in the sample below the plastic zone. In this case, the relationship
between hardness and the yield stress can be determined by describing indentation in terms of an
expanding cavity, which predicts that the ratio H/Y decreases with increasing Y/E>’. However, in
the materials with nanometre-sized grains it is thought that the high local pressures under the
indent give rise to an increase in the elastic modulus'’. Some calculations suggest that this might
also cause an increase in the ratio of H/Y greater than would normally be expected and should be

closer to three'!.

Recently, the microcompression test, originally developed for studying volume effects in
metals'?, has been used to study deformation in hard materials, as the small sample size, of the
order of 1 um, suppresses cracking, allowing even the most brittle materials to be plastically

deformed. This enables the compressive yield stress, Y, to be directly measured, obviating the



need for calculation. The aim of this paper therefore is to establish the ratio of H/Y in CrN-based
coatings experimentally and to investigate whether the differences in structure between the
conventional CrN-based and the CrAIN/SizN4 coatings change the way in which such materials

deform.

The CrN, CrAIN and CrAlSiN coatings were deposited on Inconel 718 alloy substrates by a
laterally rotating cathodic arc deposition system (Platit 7*°, Switzerland) at bias voltage of —75 V
and substrate temperature of 450 °C, described in detail elsewhere'®. The as-deposited coatings

were about 6 pm in thickness and were lightly polished to reduce the surface roughness.

The coating composition was determined by energy dispersive spectroscopy (Oxford Instrument,
UK) on a scanning electron microscope (MX2600, CamScan) at an accelerating voltage of
12 kV. The crystal structure and chemical bonding states of the coatings were analysed by X-ray
diffraction (Xpert, Philips) and X-ray photoelectron spectroscopy (ESCALab 250i-XL)

respectively.

The internal stress in the coating was characterized by measuring the (422) peak shift in the XRD
pattern at different angular off-sets'>. The values of the internal stresses obtained are given in

Table 1.

The hardness and Young modulus of the coatings were measured using a nanoindenter
(Nanoindenter XP, MTS) with a Berkovich tip, using the continuous stiffness mode. To avoid
substrate effects, the hardness was determined from indents whose depth was 450 nm, less than
0.1 of the coating thickness, and the Young modulus obtained by extrapolation to zero indent

depth'®.



The micropillars of CrN, CrAIN and CrAIN/SisNs were made by focused ion beam milling (FIB)
(Helios NanoLab 600, FEI Company, Netherlands). A high current Ga’ ion beam (30 keV,
6.5 nA) was first used to mill a ring shaped trench with an outer diameter of 20 um and inner
diameter of 3.5 pm. The inner material was then milled at lower beam current (30 keV, 90 pA) to
form a cylindrical pillar, followed by an even finer beam current (30 keV, 26 pA) to reduce the
ion damage. Typically, the pillars had a height of about 800 nm, an aspect ratio of 2.5:1 and a

taper of approximately 2°.

The micropillars were compressed using an in situ nanoindenter'’ with a 5 pm diameter diamond
punch at a displacement rates of 5 nm™', and the stresses were obtained using the area of the top

of the pillar where deformation was observed to start.

Before and after each compression, the micropillars were imaged using scanning electron
microscope (Helios NanoLab 600) at a tilt angle of 52°, so that the sample deformation and
failure modes could be studied. The compressed pillars were also examined by TEM (JEOL

2100), with the cross-sectional TEM samples prepared by FIB.

Table 1 summarizes the coating compositions studied together with their mechanical properties.
Both the CrN and CrAIN coatings had columnar grain structures with average column widths of
230 nm and 130 nm respectively, Fig. la and 1b. The CrAIN grains were more elongated than
the CrN grains. The CrAIN/SizN4 coatings had equiaxed grains a few nanometers in size, Fig 1c.
The X-ray diffraction (XRD) patterns showed that both the CrN and CrAIN coatings consist of
rocksalt-structured crystallites, with (111) being the preferred out of plane orientation for both
coatings. No Si related peaks were present in the X-ray diffraction patterns of CrAIN/SizNy4
coatings, suggesting the Si-containing phase was amphous. XPS analysis gave a binding energy
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for the Si-2p of 101.2 eV, consistent with the formation of Si3N4. As Si has only a very low
solubility in transition metal nitrides, the amorphous SizNy is likely to be present as a second
phase with the CrAIN. TEM and SEM showed the presence of discrete particles of CrAlN,
confirming the nanocomposite structure as consisting of particles of CrAIN in a matrix of

amorphous Si3N4, consistent with that observed elsewhere.

The hardness of CrAIN was 30 GPa, substantially higher than that of the CrN coating, 19 GPa.
The doping of Si into CrAlN increased the coating hardness to just over 32 GPa but reduced the
internal stress almost by half, Table 1, although the CrAIN and CrAIN/SizNy4 coatings had similar

Al/Cr atomic ratios.

Fig. 2a shows a typical stress-strain curve for a compressed CrAIN/SizN4 micropillar. The pillar
deformed elastically, before yielding at a stress of 16 GPa. Using the value of E, Table 1, this

gives a value of Y/E of 0.04.

The material from which the pillar was milled contained in-plane residual stresses. The effect of
these residual stresses would be to increase the measured yield stress, Y, of the coating, Table 1,

to a value given approximately by'®

Y=0,+0, (1)

where Oy is the yield stress of the coating material in the absence of residual stresses and o is
the compressive residual stress, Table 1. Two bounds may be considered. The filled circle,
Fig. 2b, represents the measured strength. If the residual stresses in the pillar have not relaxed, so
that they have the value in Table 1, the yield strength of the material in the coating would be

equal to the measured yield stress. If, as we might expect, the stresses have relaxed, then the
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yield strength of the material as it is in the coating would be higher than the measured value, as

given by Eqn. 1. This gives the lozenge in Fig. 2b.

Figure 2b also shows that the bounds of Y/E bracket the predictions from analyses where the
material from the indent is accommodated mainly by the elastic compression of material
underneath the indenter, as described by the expanding cavity model’. These analyses do not
include effects associated with increased strain giving rise to increases in the elastic properties,
and their agreement with the results here suggests that these effects are unimportant, at least, in

the system here, despite the differences in structure.

On further compression, work hardening was observed. During this stage flow was localized in
the upper region of the pillar, gradually spreading downwards. No cracking or shear band
formation could be seen in the TEM, suggesting that deformation occurred by grain
rearrangement, so that the grain boundary SizNs must be sufficiently soft under the test
conditions to enable these materials to deform in a manner similar to a superplastic material. The
hardness of the amorphous silicon nitride was measured as 18.8 GPa, slightly softer than the

CrN.

In the CrN and CrAlIN coatings failure was catastrophic, Fig. S1 (see supplemental material '*),
Fig. 3a and 3b. However, cracking in the CrAIN/SizN4 occurred in a much more benign fashion,
Fig. 3c. Cracks formed at the edge of the pillar, grew inward to the centre and down along the
axis of the pillar, giving rise to a petal-like structure. High resolution SEM, Fig. 4a, and TEM,
Fig. 4b, showed that the material failed intergranularly and suggested that deformation had

occurred by grain rearrangement. The shape of the CrAIN grains in the nanocomposite was



clearly visible on the top surface and fracture cross-sections of the compressed pillar. They

appeared intact and about 10 nm in size.

It is suggested that the more benign failure observed in the CrAIN/Si3N4 nanocomposite coating
is associated with the development of the equiaxed structure caused by adding Si, so that failure
along column boundaries, as has been observed in other coatings®, is suppressed. Such an
explanation would also be consistent with the increase in toughness that has been observed in the
fine-grained coatings>'. This increase occurs even though toughening by mechanisms such as

crack-bridging would predict the reverse®.

In summary, the deformation and failure of fine-grained CrAIN/SizN,4 coatings has been studied
and compared with conventional CrN-based coatings. It has been shown that the formation of a
fine-grained structure with each grain surrounded by amorphous Si3;N4 phase enhances the yield
stress of the coating material by approximately 40%, but does not change the flow field around
an indentation, giving a value of H/Y of approximately 2, consistent with predictions in the
literature. However, the nanocomposite structure appears to deform by the movement of grains
with respect to one another, rather than by dislocation motion on macroscopic glide planes. This

appears to suppress the growth of cracks by splitting.
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Drs. X. Z. Ding, H. L. Seng, Z. Zhang, M. E. Vickers, Ms H. K. Hui and C.E. Davis for their

technical assistance in this work.



Table

TABLE I. Composition, Young modulus, E, hardness, H, and internal stresses, oy, in the as-

deposited CrN, CrAIN and CrAIN/SizN,4 coatings

Composition (at%) Grain
Sample E,GPa H,GPa o, GPa
Cr Al Si N Size, nm
CrN 49.7 49.7 230 310 19.2 3.8
CrAIN 189 31.9 48.9 130 440 30.2 7.3
CrAISiN 16.6 283 34 513 10 380 32.5 4.1
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Fig. 2

Fracture cross-sections of (a) CrN, (b) CrAIN and (c¢) CrAIN/Si3Ny4 coatings obtained

by double cantilever beam compression®' .
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(a) A typical stress-strain curve for CrAIN/Si3N4 micropillars, and (b) the variation of
H/E with Y/E predicted by conventional models of indentation. The filled circle
represents the measured value of Y/E, and the lozenge, what Y/E would be if the

residual stresses had relaxed to zero in the micropillar.
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Fig. 3 SEM images showing original and compressed micropillars from (a) CrN, (b) CrAIN

and (c) CrAIN/SizNy coatings.

Fig. 4 High resolution (a) SEM and (b) dark field TEM images of compressed CrAIN/Si3Ny
micropillars. In (a), the grains, approximately 10 nm in size in the nanocomposite

structure can be seen, and in (b) that there are no apparent slip bands.
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