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In the present work, the decomposition of unstable arc evaporated Ti0.6Al0.4N at elevated

temperatures and quasihydrostatic pressures has been studied both experimentally and by first-

principles calculations. High pressure and high temperature (HPHT) treatment of the samples was

realized using the multi anvil press and diamond anvil cell techniques. The products of the HPHT

treatment of Ti0.6Al0.4N were investigated using x-ray diffractometry and transmission electron

microscopy. Complimentary calculations show that both hydrostatic pressure and high temperature

stabilize the cubic phase of AlN, which is one of the decomposition products of Ti0.6Al0.4N. This is

in agreement with the experimental results which in addition suggest that the presence of Ti in the

system serves to increase the stability region of the cubic c-AlN phase. The results are industrially

important as they show that Ti0.6Al0.4N coatings on cutting inserts do not deteriorate faster under

pressure due to the cubic AlN to hexagonal AlN transformation. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4790800]

I. INTRODUCTION

Ti1�xAlxN has been used as a protective coating in cut-

ting applications since the 1980s1,2 and in comparison with

TiN, its high temperature properties are outstanding. This is

mainly due to improved oxidation resistance and age harden-

ing occurring at elevated temperatures that results in an

increase in hardness compared to as-deposited Ti1�xAlxN

despite the stress relaxation at high temperature often seen in

physical vapor deposited films.3 The age hardening effect

has its origin in the isostructural spinodal decomposition of

the unstable cubic (B1) c-Ti1�xAlxN into coherent c-TiN and

c-AlN rich domains of nanometer size.4,5 The differences in

elastic properties,6 in combination with coherency strains at

the domain borders due to the lattice mismatch,7 hinder

effectively dislocation movements. With increasing tempera-

tures, the domains grow8 whereupon the c-AlN transforms

into its stable hexagonal wurtzite (B4) structure, h-AlN.

These larger precipitates are incoherent with the TiN-matrix

and the net effect of this second decomposition step is deteri-

oration of the coating’s mechanical properties.9

The decomposition process described above is valid at

atmospheric pressure and the behavior of Ti1�xAlxN is so far

unknown at simultaneous high pressure and high temperature

(HPHT) conditions. Theoretical studies10,11 suggest a pro-

moted spinodal decomposition and a suppression of the

c-AlN to h-AlN transformation in Ti1�xAlxN at elevated

hydrostatic pressures. Due to a shoulder on the spinodal,11

the effect of pressure on the spinodal decomposition is

believed to be largest at an Al-content around 0.4. The pres-

sure dependent stability of pure AlN has been studied both

experimentally12 and theoretically.13,14 According to these

studies,12–14 c-AlN is stable at hydrostatic pressures above

12–17 GPa. Siegel et al.15 used first-principles calculations

to theoretically predict the equilibrium line between c-AlN

and h-AlN in the AlN PT phase diagram. It was found that

the cubic phase has a broad stability field at HP and HT.

Hence, an increase in temperature under certain pressures

may stabilize the cubic phase, which is not the case at ambi-

ent pressure.

Taking into account that so far the HPHT behavior of

the ternary Ti1�xAlxN has not been studied, we here present

results from a series of HPHT experiments on Ti0.60Al0.40N

using multi-anvil (MA) press and diamond anvil cell (DAC)

techniques. In addition, we have calculated a phase diagram

for AlN using ab-initio theory as implemented in Quantum

Espresso (QE)16 package, which allows for simulations of

phonon dispersion relations through the linear response

method.17

II. MATERIAL AND METHODS

A. Experimental details

Ti0.6Al0.4N coatings were grown in a commercial Sulzer

Metaplas MZR323 reactive cathodic arc evaporation system

in a 4.5 Pa N2 atmosphere, with a substrate temperature of

�500 �C and a substrate bias of �40 V. The coatings were

grown on ultrasonically cleaned and Ar ion etched thin foils

of iron mounted in front of the TiAl (Ti:0.60, Al:0.40) com-

pound cathodes yielding an equivalent metal ratio in the as-

deposited coatings. After deposition, the coated iron sheets

were dissolved in 64% hydrochloric acid releasing the

remaining coating in the form of flakes. The Ti0.6Al0.4N

a)Author to whom correspondence should be addressed. Electronic mail:

nikno@ifm.liu.se. Tel.: þ4613282907.
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flakes were washed in acetone and water, dried and eventu-

ally ground to a powder. The composition of the powder was

investigated using a Leo 1550 Gemini scanning electron

microscope operated at 20 kV and equipped with an energy

dispersive x-ray spectrometer (EDS).

The MA experiments were performed in a 1000-ton (or

1200-ton) multi-anvil press at pressures between 8 GPa and

14 GPa and temperatures between 900 �C and 1900 �C, here-

inafter referred to as Pmax/Tmax (Table I). The powder sample

was loaded into a platinum capsule of 2 mm in diameter and

3.5 mm in height for the experiments performed at 11 GPa or

lower and 1.6 mm in diameter and 2.8 mm in height for

experiments performed at the higher pressures. The capsule

was enclosed into the high-pressure cell assembly consisting

of an MgO octahedron, which served as a pressure transmit-

ting medium, a graphite (or lanthanum chromate LaCrO3)

heater, and thermo insulating tubes made of ZrO2 and MgO.

The experimental technique is described in detail else-

where.18–20 The octahedron was compressed using eight

tungsten carbide cubic anvils. Pmax was obtained by a slow

compression during 4 h followed by a rapid increase in tem-

perature (100 �C min�1) up to Tmax. The temperature was

held constant during 10 min before the sample was

quenched. After quenching, the sample was slowly decom-

pressed during 18 h.

Additional HPHT experiments were conducted in a

DAC with a diamond culet size of 300 lm. A Re gasket was

pre-indented with the diamond anvils to a remaining gasket

thickness of 30 lm upon which a hole of 125 lm in diameter

was made with a MH20 Betsa spark erosion drill. Fine par-

ticles of Ti0.60Al0.40N were loaded into this hole together

with NaCl powder and ruby balls, the former as a pressure

transmitting medium as well as thermal insulation and the

latter for pressure calibration using the ruby fluorescence

scale.21 Three cells were prepared; the quasihydrostatic pres-

sure, as measured on ruby,21 was 3, 13, and 23 GPa in the

sample chambers. The cells were annealed by laser heating

(LH) to 2200 �C (6200) during seven minutes using a

double-side NIR laser system.22,23 After LH, the samples

were carefully removed from the gasket and ex-situ x-ray

diffraction (XRD) measurements were performed using a

high brilliance in-house diffractometer24 (Mo–Ka radiation,

k¼ 0.7108 Å). Ex-situ XRD measurements were also per-

formed on the samples HPHT treated in a MA press.

Transmission electron microscope (TEM) sample prepa-

ration of selected MA samples was performed using a Carl

Zeiss CrossBeam 1540 EsB focused ion beam (FIB) accord-

ing to the method described by Langford and Petford-

Long.25 A Fei Tecnai G2 TF 20 UT analytical TEM (and

scanning transmission electron microscope (STEM)) oper-

ated at an acceleration voltage of 200 kV and equipped with

an EDS was used for structural characterization of the MA

samples.

B. Theoretical calculations

Supporting first principles calculations to obtain the PT

phase diagram were performed within the framework of

density-functional theory as implemented in the QE pack-

age.16 We have considered pure AlN, because it is known to

be the main source for detrimental transformation in coat-

ings. It is also well established that solubility of Ti in AlN is

very low,26,27 and it decreases with pressure.11 Considering

pure AlN allows us to reduce significantly computational

costs for the simulations. We calculated phonon dispersions

using linear response theory17 and we used quasi-harmonic

approximation calculations28 to obtain the temperature de-

pendent phonon free energy. The k-mesh used was

16� 16� 16 for the c-AlN and 16� 16� 12 for the h-AlN

structure. The q-mesh for the phonon calculation was

6� 6� 6 for the c-AlN and 5� 5� 3 for the h-AlN struc-

tures. Using these grids the transition pressure is found to be

converged to within 0.01 GPa. The generalized gradient

approximation according to Perdew-Burke-Ernzerhof was

used for the exchange-correlational functional throughout all

calculations.29 In addition, we calculated the phase transition

pressure at 0 K using the Vienna ab-initio simulation pack-

age (VASP) package30,31 for verification.

Calculations were performed on both cubic B1 structure

and wurtzite B4 structure of AlN at a grid of volumes and

temperatures using a temperature spacing of 50 �C and lattice

parameter spacing of 0.1 Å, corresponding to �1-2 GPa

between each point depending on volume and temperature.

Interpolation schemes based on the modified Morse poten-

tial32 was then used to obtain accurate equations of state and

transition pressures. The PT phase diagram was constructed

by comparing the total Gibbs free energies (Eq. (1)) of the

two phases

GðP;TÞ ¼ FðV;TÞ þ P� V: (1)

Here F(V,T) is the Helmholtz free energy, and P, T, V denote

pressure, temperature, and volume, respectively. The temper-

ature dependence of the free energy is derived solely from

the phonon free energy and phonon entropy. Pressures were

calculated from the free energy binding curves taking into

consideration thermal expansion as well as optimizing the

c/a ratio. The phase diagram was calculated for pressures up

to 25 GPa and temperatures up to 2700 �C. This limit was

chosen as the approximate melting point of AlN at high pres-

sures. Though the adiabatic approximation of the phonon

calculations is less reliable close to this limit, below 1700 �C
and at high pressure up to even higher temperatures it gives

TABLE I. High pressure and high temperature conditions used for MA and

DAC treatments.

Sample notation Type P (GPa) T ( �C)

8/1500 MA 8 1500 (650)

8/1900 MA 8 1900 (650)

11/1200 MA 11 1200 (650)

11/1500 MA 11 1500 (650)

10/1700 MA 10 1700 (650)

14/900 MA 14 900 (650)

14/1200 MA 14 1200 (650)

3/2200 DAC 3 2200 (6200)

13/2200 DAC 13 2200 (6200)

23/2200 DAC 23 2200 (6200)

053515-2 Norrby et al. J. Appl. Phys. 113, 053515 (2013)
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high accuracy. The equilibrium c/a ratio is found to vary

only slightly within the region of the phase transition and

remains at approximately 1.615 for all temperatures. In addi-

tion, using any value for c/a between 1.61 and 1.62 would

not appreciatively affect the phase transition line.

III. RESULTS AND DISCUSSION

Figure 1 shows the x-ray diffractograms from the

Ti0.60Al0.40N samples treated in a multi anvil press. The

as-deposited coating shows three distinct lines, 111, 200, and

220, characteristic for the NaCl-type (B1) structure of the

Ti1�xAlxN solid solution. The average lattice parameter as

calculated from the lines is 4.21 Å. At HP/HT conditions of

8/1500 and 8/1900 additional peaks appear, where the two

strongest correspond to 100 and 102 diffraction lines from

the h-AlN phase. Similar behavior is seen for the 11/1200-

sample as well. However, the relative intensity of the 100

and 102 lines of the 11/1200-sample is considerably lower

(only visible at higher magnification, see inset in Figure 1)

indicating a smaller amount of the h-AlN phase. An equiva-

lent heat treatment at ambient pressure would lead to a much

larger amount of h-AlN,33 hence the applied pressure of

11 GPa has indeed decreased the tendency of forming the

hexagonal phase.

Broad x-ray diffraction lines indicate the presence of

small crystallites and/or micro strain. The relative broadness

of the h-AlN seen here has its origin in the nucleation of

small strained h-AlN crystallites in the grain boundaries sim-

ilar to what is reported by Rachbauer et al.33 Furthermore,

the intensities of the h-AlN peaks increase at the higher tem-

perature, suggesting a promoted transformation of c-AlN

into hexagonal phase with temperature at constant pressure.

The reduction of peak intensity of h-AlN in the 11/1200 sam-

ple can however not be explained solely by the lower tem-

perature compared to the 8/1500 and 8/1900 sample. This is

even more clearly seen for the 11/1500 sample, which was

treated at the same pressure but at higher temperature and

shows no signs of h-AlN. Instead the reason for the

decreased intensity of the diffraction peaks of hexagonal

AlN phase is a result of the increased pressure.

The samples 11/1500, 10/1700, and 14/1200 show no

signs of hexagonal phase. For the 14/1200-sample, there is

instead a tendency of formation of a shoulder at the three

cubic peaks towards smaller d-spacings. This shoulder is

best seen at the 200 and 220-peaks at the approximate d-

spacings of 2.06 and 1.49 Å and indicates the presence of c-

AlN. This is also seen for sample 11/1500 and 10/1700 with

shoulders on the 111-peak and pronounced 200 and 220

peaks at 2.06 and 1.47 Å. Hence, the XRD results from these

samples suggest a more developed spinodal decomposition

compared to 14/1200 which seems logical at the higher

temperatures.

The discrepancies between the measured and marked

positions are results from chemical shifts of the diffraction

lines since the domains formed during the spinodal decom-

position are not pure compounds. In addition, the exact lat-

tice parameter of c-AlN is uncertain as it is not a stable

compound at ambient conditions. The effect of the progres-

sion of the spinodal decomposition is seen in the uppermost

diffractogram in Figure 1 from the 14/900-sample, which

shows broadening of the diffraction lines of the main phase

and no traces of h-AlN. At this lower temperature (900 �C), a

less developed chemical modulation is present compared to

1200 �C resulting in less pronounced c-AlN peaks. The XRD

results after DAC are not shown but for the 3/2200 there are

clear diffraction peaks corresponding to h-AlN. For the 13/

2200 and 23/2200, however, there is no h-AlN present and

instead peaks indicating the presence of c-AlN, which again

shows the suppression of h-AlN with pressure at isotherms.

As the XRD results show a very low amount of h-AlN

in the 11/1200 sample, a more detailed TEM characterization

was performed of this sample. Figure 2(a) shows a bright

field micrograph over an area from the 11/1200 sample con-

taining h-AlN as determined with selected area electron dif-

fraction. The same area is seen in dark field mode in Figure

2(b) with intensity primarily from the 100-reflection shown

in the selected area diffractogram in Figure 2(c) revealing a

distribution of h-AlN primarily at the grain boundaries. The

presence of h-AlN mainly in the grain boundaries may sug-

gest that h-AlN forms earlier than what could be expected

from a single crystal. One reason for this is probably an

increased diffusivity along the boundaries compared to

within the grains. Also, there may be a compositional varia-

tion across the grain boundaries, which promotes an earlier

start of the cubic to hexagonal transformation.34

Figures 2(c) and 2(d) show STEM from two multi anvil

samples treated at 1200 �C at a compression of 11 and

14 GPa. Diffuse domains of TiN- (bright) and AlN-rich

(dark) domains are seen, consistent with previous studies.9

The revealed nanostructured TiN- and AlN-rich domains

have been reported in several studies after heat treatments at

atmospheric pressures35,36 which supports the results from

XRD that the 11/1200 indeed has undergone spinodal

decomposition followed by the c-AlN to h-AlN transforma-

tion for some AlN-rich regions along the grain boundaries.

The high resolution transmission electron micrograph

(HRTEM) in Figure 2(f) from the interior of a grain in the
FIG. 1. X-ray diffractograms of Ti0.60Al0.40N samples treated in the multi

anvil press in comparison with the untreated material (ambient).

053515-3 Norrby et al. J. Appl. Phys. 113, 053515 (2013)
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11/1200-sample shows a coherent cubic coherent lattice with

no grain boundaries, thus, implying an isostructural spinodal

decomposition. The combined mixture of mainly c-TiN and

c-AlN with small crystallites of h-AlN agrees well with the

XRD results in Figure 1.

An average domain size can be measured from the in-

tensity variations in the STEM using a procedure described

elsewhere37 and is 5.2 6 0.5 nm at 11/1200 and 5.1 6 0.4 nm

at 14/1200. Hence, the size of the domains are the same as

for samples heat treated at 1000 �C and ambient pressure

conditions37 despite the higher temperature of 1200 �C.

According to Knutsson,38 the coarsening step during spino-

dal decomposition of Ti1�xAlxN is diffusion limited and at

these pressures the effect of a reduced diffusivity with an

increased pressure cannot be neglected. A rough estimate of

the pressure effect is shown in the following equations:39

D ¼ D0 � expð�H=kTÞ; (2)

H ¼ Uþ PV; (3)

where D is the diffusion coefficient, H is the enthalpy, k is

Boltzmann’s constant, T is the temperature, U is the internal

energy, V is the activation volume, and P is the pressure. If

the activation volume is assumed to be of the same magni-

tude as the atomic volume, the diffusion coefficient is

decreased with one order of magnitude when increasing the

pressure with 1 GPa. This effect competes with the fact that

spinodal decomposition is promoted by an external pres-

sure.11,37 Hence, the coarsening stage is most likely reached

earlier due to the applied pressure but the pressure effect of

the diffusivity dominates during the coarsening stage and

lowers the domain size growth.

Figure 3 shows the calculated PT phase diagram of pure

AlN where the thermodynamically stable phases of AlN are

separated by the theoretically constructed phase boundary.

At room temperature, the phase transition from h-AlN to c-

AlN occurs at 13.9 GPa in QE and the 0 K transition at

12.9 GPa in VASP. This is in accord with previous theoretical

studies11,13,14 and experimental values.12 From the curvature

FIG. 2. Transmission electron micrographs of two samples showing (a) the 11/1200 sample in bright field mode over a region containing h-AlN and in (b) in

dark field mode with intensity from the (100) plane spacings marked with the arrow in (c). Scanning transmission electron micrographs of (d) the 11/1200 sam-

ple and (e) the 14/1200 showing TiN- and AlN-rich domains and (f) a high resolution transmission electron micrograph from the 11/1200 sample with resolved

lattice fringes viewed along [011] showing coherency between decomposed domains seen in (d).

FIG. 3. PT phase diagram of AlN. The solid line separates the regions of sta-

ble hexagonal (wurtzite-type, B4) and cubic (rocksalt-type, B1) phases of

AlN according to first-principles calculations. The squares in the phase dia-

gram indicate the PT conditions of the Ti0.60Al0.40N treatment after which

the evidence of spinodal decomposition (i.e., the presence of c-TiN and

c-AlN was observed). The hexagons indicate the experimental conditions

where the presence of h-AlN phase was observed in the samples after HPHT

treatment.
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of the equilibrium line, it is apparent that the cubic phase is

stabilized not only by an increased pressure but also by an

increased temperature. The phase diagram in Figure 3 has

similar topology, but deviates somewhat from the one calcu-

lated by Siegel et al.,15 especially in the temperature range

0–1800 �C. In comparison to Siegel et al.,15 our transition

curve in Figure 3 is shifted with 2–3 GPa to lower pressure,

which is in agreement with the literature value of the theoret-

ical 0 K transition pressure11,40 calculated with various

approximations. Performing 0 K calculations on bulk

Ti1�xAlxN in VASP also shows that introduction of Ti stabil-

izes the cubic phase with respect to the hexagonal and pushes

the phase transition to lower pressures. Doing single impu-

rity calculations with a ratio of 1 Ti atom to 31 Al (equiva-

lent to x¼ 0.96875) the transition at 0 K drops from

12.9 GPa to 9.63 GPa and with 1 Ti to 7 Al (x¼ 0.875) the

transition is as low as 8.29 GPa.

The results we obtained due to the XRD investigation of

the HPHT treated samples are also plotted in Figure 3. The

squares in the phase diagram indicate the PT conditions of

the Ti0.60Al0.40N treatment after which the evidence of spi-

nodal decomposition (i.e., the presence of c-AlN was

observed). The hexagons indicate the experimental points

where the presence of h-AlN phase was detected after HPHT

treatment. The isotherms at 1200, 1500, and 2200 �C and the

isobar at 11 GPa confirm the trend of the increased stability

of c-AlN with increasing temperature or pressure. Hence, the

experimental trends, i.e., the increased stability of c-AlN

with both pressure and temperature, are in excellent agree-

ment with the calculated.

It should be noted that the experimental values are

achieved for the ternary solid solution of Ti1�xAlxN and not

for AlN as in the calculated phase diagram. A direct compar-

ison between experimental Ti0.60Al0.40N results, i.e., the

11/1500 and 10/1700, and theoretical AlN results suggests

that the addition of Ti further stabilizes the cubic phase of

AlN. Calculations on TiAlN also show this, though note that

the calculated values for the phase transition of TiAlN is for

0 K only and also not for the phase separated structure. One

reason for this behavior in the phase separated alloy could be

a template effect since the nanostructured domains of c-AlN

are coherently surrounded by c-TiN which stabilizes the

structure. Also, the onset of h-AlN is likely to generate an

increase in elastic energy due to the �20% larger molar vol-

ume4 associated with this phase, which further stabilize the

cubic phase.

IV. CONCLUSIONS

In this work, we have studied the decomposition behav-

ior of c-Ti0.60Al0.40N solid solution coatings at elevated tem-

peratures and pressures. We find excellent agreement

between experimental and theoretical data showing a stabili-

zation effect of c-AlN over h-AlN promoted by an increased

pressure at elevated temperatures and by an increased tem-

perature at elevated pressure. Also, by TEM, we confirm that

the early stage transformation of cubic to hexagonal AlN

preferentially occurs in column boundaries. In addition, this

work furthermore demonstrates that the presence of Ti in

Ti1�xAlxN coatings broadens the PT region where c-AlN is

stable. Ti1�xAlxN is commonly used as a protective coating

on cutting inserts and the c-AlN to h-AlN transformation is

known to contribute to the deterioration of the cutting prop-

erties. These results hence imply that the external stress

acting on the coating during cutting suppresses the transfor-

mation into h-AlN. Also, the broadening of the PT region for

c-AlN with the presence of Ti opens up the possibility for

even further stabilization with additional alloying elements.
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