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The phase evolution of reactive radio frequency (RF) magnetron sputtered Cr0.28Zr0.10O0.61 coatings has been
studied by in situ synchrotron X-ray diffraction during annealing under air atmosphere and vacuum. The
annealing in vacuum shows t-ZrO2 formation starting at ∼750–800 °C, followed by decomposition of the
a-Cr2O3 structure in conjunction with bcc-Cr formation, starting at ∼950 °C. The resulting coating after
annealing to 1140 °C is a mixture of t-ZrO2, m-ZrO2, and bcc-Cr. The air-annealed sample shows t-ZrO2

formation starting at ∼750 °C. The resulting coating after annealing to 975 °C is a mixture of t-ZrO2 and a-Cr2O3

(with dissolved Zr). The microstructure coarsened slightly during annealing, but the mechanical properties are
maintained, with no detectable bcc-Cr formation. A larger t-ZrO2 fraction compared with a-Cr2O3 is observed in
the vacuum-annealed coating compared with the air-annealed coating at 975 °C. The results indicate that the
studied pseudo-binary oxide is more stable in air atmosphere than in vacuum.

Introduction
Oxide ceramics such as alumina, chromia, and zirconia are

important materials for cutting tool development mainly due to

their high hot hardness, chemical inertness with respect to

work piece material, and oxidation resistance [1]. Thin (1–

20 lm) coatings of these materials on a less brittle tool body

benefit from otherwise counteracting material properties,

yielding highly wear-resistant tools. Using physical vapor

deposition (PVD) techniques to deposit these coatings permits

lower substrate temperatures than the traditionally used

chemical vapor deposition (CVD) and possible residual stress

tailoring. PVD therefore allows deposition on temperature-

sensitive substrates such as high-speed steels, opening up appli-

cation areas for oxide coatings not readily accessible by CVD.

An important focus in the context of PVD-coated oxides

for cutting tools has been the Al–Cr–O system. The goal has

been to stabilize the corundum phase, a-Al2O3, at lower

deposition temperatures than in CVD with the help of

isostructural a-Cr2O3 [2, 3]. Eskolaite (a-Cr2O3) is one of the

hardest naturally occurring oxides, ;30 GPa (measured with

nanoindentation), and has been obtained by sputter deposition

[4, 5]. Stabilization of the a-Al2O3 can be done by template

growth on, e.g., a-Cr2O3 [4, 6, 7] or by solid solution alloying

of, e.g., a-(Al,Cr)2O3 [3, 8, 9, 10, 11, 12, 13, 14]. Another

possible phase on a-Al2O3 alloying with Cr is the cubic B1-like

vacancy-stabilized structured (Al,Cr)2O3 [2, 15, 16].

ZrO2 exists in several thermodynamically stable crystal

structures in its pure form: the room temperature (RT) monoclinic
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(m) phase, tetragonal from ;1170 °C, and cubic fluorite from

;2300 °C [17, 18, 19]. The high-temperature phases are

metastable at RT but can become stable through alloying at

RT. The tetragonal phase (t) is stabilized by alloying with early

transition metal oxides, often Y2O3 [20, 21]. Tetragonal yttria

partially stabilized zirconia (YSZ), containing 6–8 wt% of Y2O3,

is often used as the principal material for thermal barrier

coatings in turbines due to its low thermal conductivity and

high toughness [22, 23, 24, 25]. YSZ also often finds its use as

implant material owing to its biocompatibility [26]. Grain

refinement, if below ;30 nm, is another way of stabilizing

tetragonal (t)-ZrO2 even in pure form due to its lower surface

energy compared with the monoclinic phase [27, 28]. For its

ionic conductance, the cubic fluoride (stabilized with .8 wt%

Y2O3) form is used as electrolyte in solid oxide fuel cells [29, 30,

31, 32, 33] and as material with reversible oxygen storage

capacity when alloyed with CeO2 [34, 35].

These common materials are the basis for the motivation

for the choice of the Cr–Zr–O system studied here. Replacing

Al in the pseudo-binary alloy Al–Cr–O system with Zr yields

another material system that may combine the interesting

properties of the respective pure oxides. Previous work on the

Cr–Zr–O system encompasses bulk mixing [36], nanoparticles

[37, 38], and composite material of Cr2O3 and YSZ [39].

a-(Cr,Zr)2O3 solid solution (Zr , 8.5 at%) thin film by reactive

radio frequency (RF) magnetron sputtering was also reported

[40], even though Zr is preferably in a Zr41 (0.72 Å) state and

larger than Al31 (0.535 Å) [41].

Rafaja et al. [42] deposited amorphous Cr-rich Cr–Zr–O

thin films with up to 15 at.% Zr content and performed in situ

synchrotron-based X-ray diffraction (XRD) while vacuum

annealing (500–1100 °C). The Zr content in the high-

temperature crystallized a-(Cr,Zr)2O3 contained up to 3.2

at.% Zr, while the excess Zr formed tetragonal ZrO2, stabilized

by Cr. Coatings deposited with higher Zr content resulted in

higher temperature for onset of crystallization and degree of t-

ZrO2 phase formation.

In contrast to the as-grown amorphous coatings in this

material system, a-phase (Cr,Zr)2O3 solid solution coatings

were grown at 500 °C by Spitz et al. [40]. The thermal stability

and microstructural changes of this pseudo-binary oxide

system were investigated by vacuum annealing at three

different temperatures, 750, 810, and 870 °C, in our previous

work [43]. The study showed a slight increase in hardness on

formation of t-ZrO2 with dissolved Cr after annealing to

810 °C, but the coating decomposed into t-ZrO2 and bcc-Cr

on loss of oxygen after annealing to 890 °C. The effect of

annealing atmosphere on the coating thermal stability

remained unexplored and merits further study.

Therefore, the aim of the present study was to determine

the thermal stability and phase evolution of the Cr-rich,

Cr0.28Zr0.10O0.61, coating from earlier work [43] both in

vacuum and in air atmosphere and at higher maximum

annealing temperature. The phase evolution during annealing

was monitored continuously through in situ XRD at the

synchrotron facility, DESY in Hamburg. Using the synchrotron

radiation setups, the change in coating crystal structure could

be monitored continuously up to a maximum temperature of

;1140 °C in vacuum and at 975 °C in air. Post-annealing

characterization with transmission electron microscope (TEM)

and scanning electron microscope (SEM) and nanoindentation

hardness measurements corroborated the findings from high

temperature XRD, mainly, that better thermal stability was

obtained if annealed in air than in vacuum.

Results
Chemical composition and hardness

Table I shows the chemical composition of the coatings in the

as-deposited state and after annealing. The chemical composi-

tion of the as-deposited coating was measured in the previous

study with electron probe microanalysis (EPMA) [43] and

remeasured in the present work with the top-view energy-

dispersive X-ray spectroscopy (EDX). Both methods show that

the as-deposited coatings is Cr-rich (Cr,Zr)2O3, close to

stoichiometric composition with respect to oxygen. The close

compositional agreement between EPMA and EDX strengthens

the validity of the EDX analysis of the as-annealed composi-

tions. The results show that the coating annealed in air to

975 °C has the same composition as the as-deposited coating.

However, for the coating annealed in vacuum, with 50 °C/min

to a maximum temperature of 1140 °C, the Cr/Zr ratio reduced

to 0.48 compared with ;2.9 in the as-deposited state. Also,

about 5 at.% reduced oxygen is measured after vacuum

annealing, and for 2 at.% Ti, see the discussion for further

explanation.

TABLE I: Chemical composition measured with EDX and nanoindentation
hardness of the as-deposited and annealed Cr–Zr–O coatings. The composi-
tional balance consist of C and N and traces of Ar based on reference EPMA
measurement from Ref. 43. The standard deviations are;0.5 at.% or below for
Cr, Zr, and O. C has been omitted for the EDX measurements due to lower than
1 at.% content when measured with EPMA.

Coating variants

Elemental
composition

(at.%)

Cr
Zr

CrþZr
O

Hardness
(GPa)Cr Zr O Ti

As-deposited (500 °C) with EDX 29 10 61 . . . 2.9 0.64 19.6 6 1.9
Annealed in air to 975 °C with

EDX
29 11 60 . . . 2.6 0.67 22.3 6 2.3

Annealed in vacuum to 1140 °C
with EDX

14 29 55 2 0.48 0.78 8.5 6 1.1
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The measured nanoindentation hardness, presented in the

last column in Table I, yields a value of 19.6 6 1.9 GPa for the

as-deposited coating. The air-annealed sample shows slightly

increased average hardness 22.3 6 2.3 GPa; however, a larger

number of invalid curves are observed. In contrast to the air-

annealed sample, the vacuum-annealed coating shows a signif-

icant drop in hardness to 8.5 6 1.1 GPa.

TEM and in situ XRD of vacuum-annealed sample

Figure 1 shows in situ X-ray diffractograms acquired during

vacuum annealing with a heating rate of 50 °C/min. The most

prominent coatings peaks, without substrate overlaps, appeared

within d-spacing range of 2.5–4 Å and therefore chosen here

from the total acquired 1–5.5 Å range. The short double dotted

line, at a d-spacing of 2.7 Å, shows the RT position of the

a-(104)-(Cr,Zr)2O3 solid solution peak, as determined in pre-

vious work [43]. Here, it is shifted to a slightly larger d-spacing

due to thermal expansion of the coating at 500 °C.

The two a-Cr2O3 peaks visible in this range, namely, (104)

and (012), are significantly shifted to larger d-spacing com-

pared with reference a-Cr2O3 (PDF-38-1479) marked with

solid black lines. As found in previous work [43], this larger

shift is due to the incorporation of Zr in the a-Cr2O3 structure.

With increasing annealing temperature, the a-Cr2O3 peaks

remain at their respective d-spacing up to ;900 °C, with an

increase in the peak/background intensity. At temperatures

higher than ;975 °C, the peak intensity decreases at the same

time as the peaks shift to smaller d-spacing’s, prominent for the

(104) peak. At around 800 °C, a new peak appeared at 2.97 Å,

matching the (101) tetragonal-(t)-ZrO2 (PDF-42-1164), but at

slightly smaller d-spacing. Note that the diffraction pattern in

PDF-42-1164 was acquired at 1250 °C, which helps explaining

the gradual shift toward the high temperature measured d-

spacing. Its intensity increases rapidly from ;945 °C to

;1000 °C, where it starts to decrease. The decrease in intensity

is possibly due to the movement of the sample out of the beam

(seen by increased intensity for the initially low intensity

substrate peaks, i.e., at 3.45 Å). Two additional t-ZrO2

diffraction peaks, around 2.6 Å, are also observed at temper-

atures higher than 1000 °C. At smaller lattice spacing, Figs. S2–

S4, bcc-Cr peaks (PDF-6-694) can be observed at 2.06 Å (110),

1.19 (211), and 1.03 (220), all shifted ;1.3% to larger lattice

spacing compared with the PDF values at RT. The most

prominent and nonoverlapping peak at elevated temperatures

is the (211), which shows a drastic peak intensity increase,

Fig. S2, in the same temperature range as the t-ZrO2 max

intensity. This observation also correlates with the decrease in

the a-(Cr,Zr)2O3 phase around 950–1050 °C, see Fig. 1. The

metallic Cr adhesion layer is the origin to the RT bcc-Cr peak

Figure 1: X-ray diffractograms of the coating annealed in vacuum up to 1140 °C. S 5 substrate. Green 5 maximum annealing temperature in vacuum, blue 5

maximum temperature achieved when annealing in air, and magenta 5 isothermal vacuum annealing temperature from previous work. Curves shifted for clarity.
Temperature is given in °C.
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before annealing, situated at slightly lower d-spacing than after

annealing, Fig. S3.

Figure 2 shows synchrotron XRD pattern before (red) and

after (gray) vacuum annealing and the substrate before anneal-

ing (black). The peaks visible after annealing at 2.96 Å (101),

2.63 Å (002), and 2.55 Å (110) are attributed to the respective t-

ZrO2 planes, shifted to smaller d-spacing compared to the

PDF-card high temperature values. The peaks at 3.69 Å (110),

3.63 Å (011), and 3.16 Å (�111) are attributed to the mono-

clinic ZrO2 phase (PDF-37-1484). No peaks related to the

a-Cr2O3 phase are observed.

Figure 3(a) shows the scanning transmission electron

microscope (STEM) EDX map of a sample after vacuum

annealing to 1140 °C. The red areas are Cr-rich and the

turquoise areas are Zr-rich. Selected area electron diffraction

(SAED) patterns (not shown) from two grains along different

zone axis, h111i and 1�10h i, being rich in Cr in the EDX map,

confirms bcc-Cr in these regions. The readers are directed to

Ref. 43 for details on the bcc-Cr identification [43]. Figure 3(b)

shows a higher magnification map of the area marked with

a white box in (a). This magnification matches the map in

Fig. 3(c), which shows an STEM EDX map of an isothermally

vacuum-annealed sample at 870 °C from Ref. 43. It is clear that

both the Cr- and Zr-rich grains are significantly larger in the

present study, especially the Zr-rich phase. The ZrO2 phase

identification is based on the synchrotron XRD data in

combination with TEM-EDX mapping showing Zr-rich

regions. Another mapping (not shown), including the sub-

strate–coating interface, shows continuous layers of the binding

layers, with segregated Cr and Zr, still present after the high-

temperature annealing.

TEM and in situ XRD of air-annealed sample

Figure 4 shows a fraction of in situ X-ray diffractograms from

the sample annealed in air. The increase in the background for

larger d-spacing originates from more air scattering at lower

angles. This was reduced in the vacuum setup by the experi-

mental setup.

The two a-Cr2O3 peaks visible in this range, (104) and

(012), are significantly shifted to larger d-spacing compared to

the a-Cr2O3 structure, marked with solid black lines, due to the

incorporation of Zr in the a-Cr2O3, whereas decrease in lattice

spacing above 900 °C, especially for the (104) peak, is attributed

to loss of Zr from the initial a-(Cr,Zr)2O3 structure.

The onset of t-ZrO2 formation is visible already around

750 °C for the (101) peak at slightly lower angles compared

with the PDF value (PDF-42-1164). An additional diffraction

peak is visible at ;2.55 Å (110) from around 945 °C, which

correlates well with increased intensity for the main t-ZrO2

diffraction peak and the shift to smaller lattice spacing for the

a-(Cr,Zr)2O3 structure. At the maximum annealing tempera-

ture in air, the a-(Cr,Zr)2O3 peak intensities are still the

Figure 2: X-ray diffractograms of the coating before and after annealing in vacuum up to 1140 °C. Substrate scan at the bottom. Curves shifted for clarity.
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dominant ones over the t-ZrO2, contrary to what is seen in the

vacuum annealing case.

Figure 5 shows the in situ XRD patterns at RT before and

after annealing to 975 °C in air. After annealing, the as-

deposited a-(Cr,Zr)2O3 peaks (104) and (012) shifted to match

pure a-Cr2O3 phase. The (110) peak is also visible at ;2.48 Å

as a shoulder on the substrate peak. The t-ZrO2 (101) and (110)

peaks are present, shifted to slightly smaller d-spacing com-

pared with the PDF-card (partly related to different measure-

ment temperatures). The peak at 3.25 Å is attributed to the

substrate. Contrary to the vacuum annealing case, no sub-

stantial bcc-Cr formation could be observed in XRD. See

Supplementary material Figs. S5–S6 for further comparison.

Figure 6(a) shows a TEM EDX map of a sample after air-

annealing to 975 °C. The red regions are Cr-rich and the

turquoise are Zr-rich. Figure 6(b) shows an EDX map of an

isothermally vacuum-annealed sample (810 °C) from Ref. 43

for comparison (same color designation and scale). The

microstructure is slightly coarser in the present study, annealed

at 165 °C degree higher temperature, but the structural features

are still present.

Top-view SEM on samples before and after
annealing in air or vacuum

Figure 7 shows top-view SEM of the (a) as-deposited coating,

(b) air-annealed coating, and (c) vacuum-annealed (50 °C/min

heating rate) coating. The as-deposited coating shows small

feather-like features on the surface. The air-annealed sample

(975 °C maximum temperature) shows small grains embedded

in a matrix with some larger grains protruding from the

surface. The vacuum-annealed sample (1140 °C maximum

temperature) shows large voids in between areas with large

grains. The grains are ;30/100 nm in size for the air-annealed

sample and ;160 nm for the vacuum-annealed sample.

Discussion
The as-deposited coating was thoroughly characterized in Ref.

43. In summary, the microstructure was shown to consist of

elongated, slightly tilted domains in the growth direction.

These domains consisted of alternated Zr-rich amorphous

oxide and Cr-rich a-(Cr,Zr)2O3 domains, ;3–4 nm in di-

ameter. The alternating phases showed some degree of mutual

solid solutions by the smaller Cr31 and the larger Zr41 ion in

the respective structures [41, 44].

Compositional analysis revealed that the as-deposited

composition is maintained after annealing to 975 °C in air,

whereas the coating annealed in vacuum to 1140 °C indicates

loss of Cr as well as slight lower oxygen content, see Table I.

XRD in combination with TEM shows monoclinic and

tetragonal ZrO2 and bcc-Cr as final phases in the vacuum-

annealed sample. The mix of oxide and metallic phases helps

explaining the measured chemical stoichiometry with respect

to oxygen in the vacuum-annealed sample. The measured Zr

and O contents add up to a ZrO2-phase with 0.527 Zr/O ratio,

close to the 0.5 stoichiometric ratio for ZrO2. Some of the Zr is

also most likely present in the Cr phase due to its shift in XRD

to 1% larger d-spacing. Zr incorporation in bcc-Cr would shift

the oxide forming fraction in the coating in the direction of

a more stoichiometric ZrO2. The shift in Cr/Zr ratio from ;2.8

in the as-deposited film to ;0.5 in the vacuum-annealed

coating (50 °C/min) indicates significant loss of Cr from the

coating. This motivated additional TEM-EDX measurements

on a cross-section sample (not shown). These measurements

gave indications of different Cr/Zr ratios depending on the

depth in the sample, with Cr/Zr ratio close to the with SEM-

EDX determined as deposited ratio when averaging the 1 lm

closest to the oxide film–binding layer interface, and a Cr/Zr

Figure 3: (a) Overview STEM micrograph with corresponding EDX map, Zr
(turquoise) and Cr (red), of vacuum-annealed sample (up to 1140 °C). (b) Zoom
of white box in (a) with the same scale as the work for comparison in (c). (c)
Comparison from previous work [43] after isothermal vacuum annealing at
870 °C. The reference sample show comparable smaller grains, especially for
t-ZrO2. Observe different sized scale bars. Cross-section samples with growth
direction are vertical. (c) Reprinted from L Landälv et al., Structural evolution in
reactive RF magnetron sputtered (Cr,Zr)2O3 coatings during annealing, Acta
Materialia 131, 543-552. Copyright (2017), with permission from Elsevier.
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;1 for a compositional average of the top 1 lm of the coating.

TEM-EDX averaging the entire coating thickness resulted in

Cr/Zr ratios similar to the value obtained for the as-deposited

coating with SEM-EDX. The segregation of Cr- and Zr-rich

grains on a fairly large length scale (several 100 nm), see Fig. 3,

with possible enrichment of Zr-rich grains at the surface, could be

the explanation to why top-view SEM-EDX, with limited

acquisition depth, shows higher Zr-content than in the as-

deposited film. Additional calculations on electron penetration

depth and acquisition depth for the generated c-rays for the top-

view SEM-EDX measurement (with 15 keV electrons) showed

that the primary information depth was the first;500 nm, which

falls within the high Zr content region identified with TEM-EDX.

The absence of a continuous Zr-rich top layer visible with STEM-

EDX map on cross-sectional samples made it, however, difficult

to assess the coverage and thus the total influence on the SEM-

EDX measurements. The loss of Cr through formation of volatile

Cr-oxide [45, 46] is judged to be minor due to high vacuum

10�5 Pa condition for the vacuum-annealed sample in this study.

The top-view SEM-EDX measured 2 at.% Ti in the same

vacuum-annealed coating is attributed to possible in diffusion

of Ti from the substrate within the top ;1.4 lm of the coating

(approximately acquisition depth of the SEM probe). A Ti

gradient in the film was not possible to corroborate with

STEM-TEM due to Ti-TEM grid, causing evenly distributed

Ti-signal due to resputtering. The Ti content measured with

SEM-EDX is, however, that low that it is not thought to have

influenced the annealing results appreciable.

As calculated in a previous work [43], ZrO2 is more stable

than Cr2O3 under oxygen-deficient conditions due to the lower

formation energies of ZrO2. ZrO2 requires more oxygen to

form than Cr2O3 and will therefore be able to attract O at the

expense of Cr2O3, leading to the formation of bcc-Cr, which is

observed here. The SEM micrographs of the 50 °C/min

vacuum-annealed sample also show void formation after

annealing to 1140 °C. This is possibly due to the transforma-

tion of a-(Cr,Zr)2O3 to bcc-Cr (having higher density) on loss

of some oxygen.

The XRD diffractograms of the coating before and after

annealing in vacuum to 1140 °C, Fig. 2, show that the main

transformation product is a mixture of tetragonal and

monoclinic ZrO2. The tetragonal phase is probably stabi-

lized by Cr dissolved in the structure, partly explaining the

shift to ;1% smaller d-spacing. The monoclinic phase, being

the RT stable phase for pure ZrO2, has been probably

formed during cooling of the sample since no such diffrac-

tion peaks are clearly observed during heating (Fig. 1). For

the monoclinic phase to crystallize exclusively, the trivalent

undersized cation concentration (i.e., Cr-content) needs to

be below ;1 at.% metal fraction (;2 mol% Cr2O3) [47, 48]

and the grain size larger than ;30 nm [27, 28]. Since the

grain size observed in TEM (Fig. 3) is larger than 30 nm,

Figure 4: X-ray diffractograms with increasing annealing temperature of the coating annealed in air up to 975 °C. S 5 substrate. Blue 5 maximum temperature
achieved when annealing in air and magenta 5 isothermal vacuum annealing temperature from previous work. Curves shifted for clarity. Temperature is given
in °C.
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there must be both ZrO2 grains with no or very little Cr and

some with larger Cr content, stabilizing the tetragonal phase.

This is also observed in the different peak shifts for mono-

clinic and tetragonal phase, small to none for monoclinic
�110ð Þ, (011), and (110) peaks, while significant shift to

smaller d-spacing for the tetragonal peaks, i.e., (101) and

(110), partly explained by the high temperature values from

the PDF-card. This mixture of tetragonal and monoclinic

phase was not seen in the previous work, where the coating

was annealed to a maximum of 870 °C. The difference is

explained by the increased maximum temperature, pro-

moting long-range diffusion and grain growth, which favor

the monoclinic phase.

The third phase found in the vacuum-annealed sample is the

bcc-Cr. The XRD intensity is too high after annealing to just be

attributed to the Cr-containing adhesion layer, partly visible

before annealing [bcc Cr-(211) peak]s, Figs. S3–S4. The identi-

fication of the phase in the oxide part of the coating in post-

annealed sample is done in TEM with a combination of SAED

(not shown in the present paper) and TEM-EDX map. The

detailed identification of this phase has been shown in previous

work [43] and found to be the same in this work. The new in this

study, concerning bcc-Cr, is to be able to show the formation

onset of bcc-Cr during in situ annealing. The constant X-ray

illumination of the adhesion layer zone, since both coating and

substrate peaks are visible during the entire annealing study,

would result in constant peak intensity for the Cr adhesion layer

if no phase transformation occurred. In this study, however, the

bcc-Cr (211) peak intensity increases, thus corroborates the

formation of more bcc-Cr during high-temperature annealing,

starting at ;945 °C, see Fig. S2. This peak increase is closely

related to the onset of t-ZrO2 formation and the disappearance

of the a-(Cr,Zr)2O3 phase peaks.

For the air-annealed sample (Fig. 5), the t-ZrO2 phase is

shifted to smaller d-spacing after annealing, possibly due to

solid solution with the smaller atom Cr, since the macroscopic

residual stresses should be annealed out after this high

Figure 5: X-ray diffractograms of the coating before and after annealing in air up to 975 °C. Curves shifted for clarity. S indicates substrate peaks.

Figure 6: TEM-EDX mapping of air- and vacuum-annealed samples. (a)
Current work after completing annealing cycle in air to 975 °C. (b) Sample
for comparison from previous work [43] after isothermal vacuum annealing at
810 °C, image not previously published. The reference sample shows similar
banded microstructure of t-ZrO2 (turquoise) and a-(CrZr)2O3 (red) but on
a finer scale. Cross-section samples with growth direction are vertical.

Article

ª Materials Research Society 2019 cambridge.org/JMR 3741

j
Jo
ur
na
lo

f
M
at
er
ia
ls
Re
se
ar
ch

j
Vo
lu
m
e
34

j
Is
su
e
22

j
N
ov

28
,2

01
9
j

w
w
w
.m
rs
.o
rg
/jm

r



annealing temperatures on such a small sample piece. The

a-Cr2O3 phase shows very close match to the PDF-card (PDF-

38-1479), only slightly larger d-spacing, which could indicate

some residual Zr in the lattice. No monoclinic ZrO2 or bcc-Cr

is visible in the air-annealed sample with XRD (Fig. 5). The

TEM-EDX map confirms a similar segregation pattern (Fig. 6),

as was observed in previous vacuum annealing work, where

alternating a-Cr2O3 and t-ZrO2 regions were determined.

Altogether, the same conclusion about the phases can be drawn

for this air-annealed sample.

Since the maximum annealing temperature for the air- and

vacuum-annealed samples ended up not being the same, other

comparisons than the direct comparison of the post-annealed

samples need to be performed. The temperature control was

also different between the two setups, making the heating rate

in the air-annealed sample closer to 10 °C/min, in steps of

5 min plateaus. Thus, when comparing the 50 °C/min vacuum

annealing with the slower heating rate air sample, the changes

in the air sample would be closer to equilibrium at a given

temperature of comparison. Comparison of the XRD of the air-

annealed and vacuum-annealed samples at the maximum

temperature of the air-annealed sample allow for the most

one-to-one like comparison of the effect of annealing atmo-

sphere possible in this setup. The integrated peak intensity ratio

between the (101) t-ZrO2 and the a-Cr2O3 peaks, (104) and

(012), at this temperature differs significantly between the

samples annealed in vacuum and the one in air at that

temperature (Supplementary material, Fig. S7). For the

vacuum-annealed sample, the ratios are 3.6 and 5.1 [(101)/

(104) and (101)/(012)], while for the air-annealed sample, the

ratios are 1.3 and 2.9. The air-annealed sample shows higher or

comparable intensity for the a-Cr2O3 peaks, shown as a lower

ratio value, compared with the t-ZrO2 peak at this temperature.

This indicates higher stability of this (Cr,Zr)2O3 coating in air

than under vacuum conditions. The absence of high-intensity

Cr (211) peak at 1.19 Å (Supplementary material, Fig. S8) help

explain why the t-ZrO2 phase show lower diffraction intensity.

This is probably due to its hindered formation/grain growth by

the in air more stable alpha-Cr2O3 phase which is not being

transformed to bcc-Cr. The 1.19 Å peak at 975 °C in Fig. S8 is

attributed to the (211) peak of a bcc-Cr phase with some

dissolved Zr, resulting in the ;1% increase in lattice spacing.

The solubility of Zr in Cr is according to the phase diagram

limited to ;0.6 at.% under thermodynamic equilibrium [49].

There is also a (213) t-ZrO2 peak position in the same d-

spacing range if compared with lower order peak position at

this temperature. The observed intensity for the 1.19 Å peak is,

however, large compared with the (211) and (103) t-ZrO2

peaks at 1.54 and 1.57 Å. The two later should have

significantly higher intensities than the (213) t-ZrO2 peak

according to the PDF-card. Even considering texture effects,

this is likely a significant difference. Texture effects should as

well be intrinsically reduced by the way the diffractogram

intensities are summed over 180° azimuth angle, covering

a large part of the reciprocal space. An additional annealing

run was performed in vacuum, with lower heating rate (10 °C/

min), which is more explained in Supplementary material and

shown in Figs. S7–S9. The higher t-ZrO2/a-Cr2O3 peak ratio

for the slowly vacuum-annealed sample indicates the higher

degree of conversion to t-ZrO2 when the heating rate is slower

(more similar to the air-annealed sample).

The difference in max annealing temperature and slightly

different heating rate, where the maximum temperature is

judged to be the more important parameter, limit the possi-

bility of claiming better thermal stability of the air-annealed

sample above 975 °C. However, the above-explained difference

in peak ratios and the existence of bcc-Cr in the vacuum-

annealed samples already at this temperature give a strong

indication that the coating is more stable in air than in vacuum.

The hardness of the air-annealed sample remained close to

the as-deposited value of 19.6 GPa after the annealing to

975 °C. Thus, the as-deposited hardness level may be retained

after annealing to higher temperatures than in Ref. 43, if done

in air and for limited time (here, ;45 min with temperature

higher than 810 °C). The retained hardness after the annealing

can be explained by the crystallization of t-ZrO2, the limited

grain growth, and retained microstructure, the last two being

observed in the STEM-EDX map [Fig. 6(a)]. This can also be

Figure 7: SEM micrograph. (a) As-deposited (Cr,Zr)2O3 coating. (b) After annealing in air to 975 °C. (c) After annealing in vacuum to 1140 °C.
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compared to an 810 °C isothermally vacuum-annealed coating

[Fig. 6(b)], which is a sample from Ref. 43. The vacuum-annealed

sample in this study shows a hardness, i.e., lower than that of the

as-deposited sample, more corresponding to values of m-ZrO2,

;10 GPa [50], not even considering the negative effect of voids on

the hardness, as observed in Fig. 7. The spread in hardness values

was smaller for the vacuum-annealed sample than in the air-

annealed case, even considering the voids. This is possibly due to

the metallic Cr fraction in the vacuum-annealed coating, resulting

in a slight increase in deformability. The hardness of nc-Cr [51],

highly dependent on grain size, is also in the range of the hardness

of the vacuum-annealed sample measured in this study.

Conclusions
We have studied the behavior of Cr-rich a-(Cr,Zr)2O3 solid

solution coatings on annealing in vacuum and in air atmo-

sphere with in situ synchrotron XRD as well as post-annealing

TEM, SEM, and hardness measurements with nanoindentation.

The annealing in vacuum shows t-ZrO2 formation starting

;800 °C, which is followed by decomposition of the a-Cr2O3

structure in conjunction with bcc-Cr formation, starting at

;950 °C. The resulting coating after annealing to 1140 °C is

a coarse grained mixture of t-ZrO2, m-ZrO2, and bcc-Cr, with

intermediate voids.

The air-annealed sample shows t-ZrO2 formation starting

at;750 °C. The a-(Cr,Zr)2O3 starts to transform to a-Cr2O3 at

;945 °C at the same time as the t-ZrO2 formation increases.

The resulting coating after annealing to 975 °C is a mixture of

a-Cr2O3 with dissolved Zr and t-ZrO2 with dissolved Cr. The

microstructure coarsened slightly, but the mechanical proper-

ties are maintained, with no detectable bcc-Cr formation.

Comparing the relative integrated peak intensities of t-

ZrO2 and a-Cr2O3 at 975 °C, a larger t-ZrO2 fraction is shown

in the vacuum-annealed coating, compared with the air-

annealed coating, already at this temperature. The results

indicate that the studied pseudo-binary oxide is more stable

in air atmosphere than in vacuum. Using relevant annealing

atmosphere should be considered to ensure an optimization to

wear-resistant coating applications in future studies.

Experimental details
The deposition of the Cr–Zr–O coatings was performed with

stationary substrate (TiAl alloy) in a Leybold Z 550 RF

magnetron sputtering deposition equipment with the base

pressure of the chamber being 6 � 10�4 Pa. An ;250 nm Cr

adhesive layer was deposited in DC mode in a separate process,

while both ;250 nm CrZr and 4.5 lm CrZrO depositions were

done in the RF mode with a segmented Cr/Zr-target at 500 °C.

Full description is found in previous work [43].

The substrate used for deposition was a TiAl alloy,

commercial name TNB-V2, with a composition of 47 at.%

Ti, 45 at.% Al, and 8 at.% Nb. This alloy was used for the

annealing experiment since it is known to resist high temper-

atures up to 900 °C with maintained mechanical properties.

The samples for the X-ray synchrotron radiation annealing test

were cut into ;2 mm thick pieces (perpendicular to the sample

surface) from the same deposited half disc used/described in

previous study [43].

The chemical composition of the as-deposited coating,

prior to the annealing experiment, was determined by EPMA

(Camebax Microbeam), as reported in Ref. 43. The annealed

coating and an as-deposited sample piece from the same

original larger sample was imaged in top view with an SEM,

Leo 1550 Gemini field emission gun, with 5 kV acceleration

voltage and in-lens detector. The chemical composition was

determined with an 80 mm2 X-Max Oxford Instruments EDX

equipment installed on the same SEM system, using 15 keV

acceleration voltage. At this accelerating voltage, the penetra-

tion depth of the beam is not sufficient to reach the substrate.

Carbon detected with EDX was not considered since previous

EPMA measurements showed below 1 at.% C, N, and Ar in the

as-deposited sample. The previous EPMA measurement of the

as-deposited coating served as a reference for the EDX

measurements and matched well.

In situ wide-angle X-ray scattering was performed in

transmission mode at the High Energy Materials Science

Beamline P07 at Petra III, DESY Hamburg, using a 5 lm high

and 20 lm wide X-ray beam with an energy of 78 keV

(wavelength 0.159 Å). The diffracted X-rays were collected

on a PerkinElmer 2D detector 2048 � 2048 pixels (41 � 41 cm

size), which was positioned ;1.4 m after the sample. For both

the air and vacuum annealing experiments, the diffractograms

were recorded continuously in a process that took ;13 s in

total (5 exposures of 1 s, each including equally long back-

ground exposures), hence ;4 diffractograms/min. The data

were evaluated by converting the 2D-diffractogram to 1D

diffractograms by integrating the data in the upper half of

the detector. The 2D data from the bottom half of the detector

were omitted due to the higher absorption of X-rays trans-

mitted through the substrate and sample holder.

The annealing was performed using two different setups,

both in transmission geometry, one for air annealing and other

for vacuum annealing.

The air annealing setup consisted of a suspended quartz

rod, on which the sample rested on (open air, atmospheric

pressure, convective induced air flow). The sample was heated

from above with a focused Osram Xenophot halogen lamp

(MR16 64635 HLX). The temperature was set by the voltage

applied to the heating lamp. Prior to the test, an approximate

calibration of the temperature was done using a thermocouple
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type K at the sample position. The exact sample temperature was

later calculated through the thermal expansion of the substrate

(see below). The annealing test started by heating the sample to

approximately the deposition temperature, followed by an

11 min hold period before the gradual heating started. The

voltage was then increased in steps of 0.5 V every 5 min to

a maximum of 17.5 V, corresponding to a total of 110 min before

cooling started. Cooling back to RT took 21 min. Diffractograms

were acquired before and after the annealing and continuously

during annealing according to the previously specified procedure.

The diffractograms shown from the coating annealed in air were

selected to be from the end of each 5 min hold period.

The vacuum annealing was performed in an ultra-high

vacuum deposition system (base pressure was ;3 � 10�5 Pa,

not baked) with the possibility to investigate the sample in situ

with XRD while heating the sample. The deposition system is

described in detail elsewhere [52]. The heating was carried out

with an infrared laser directed on the backside of a SiC sample

holder plate, on which the sample rested on without any clamp or

thermal conduction paste. The temperature was controlled by

a pyrometer reading taken from the same side as the laser heating.

The temperature on the sample surface was calibrated to the

temperature readout from the pyrometer by a K-type thermo-

couple mounted on top of a sapphire substrate prior to the

annealing test. The sample temperature as determined by the

thermocouple in the vacuum setup was considered to be the most

accurate temperature measurement and is the temperature re-

ferred to in the remaining part of the article. The heating rate

during annealing in vacuum was 50 °C/min from the starting

hold temperature of 400 °C. The annealing time from this hold

temperature until the maximum temperature of 1140 °C was 21.5

min, followed by a hold period of 7 min. The time to reach the

same temperature as the maximum temperature reached for the

air-annealed sample was 15.5 min, and the discrepancy in

maximum annealing temperature is treated in the next paragraph.

Since the uncertainty of sample temperature was larger for

the air-annealing setup, the temperature of the air-annealed

sample was obtained by determining the peak position of three

substrate peaks (d-spacing 1.17, 2.20, and 4.06 Å) and

comparing that with the substrate peak positions of the

vacuum-annealed sample. By assuming the same thermal

expansion coefficient for the air-annealed sample and the

vacuum-annealed sample, an equivalent sample temperature

was determined for the air-annealed sample. Further descrip-

tion about this procedure can be found in the Supplementary

material, summarized in Fig. S1 (substrate d-spacing as

a function of vacuum calibrated T for air- and vacuum-

annealed samples). This recalibration showed that the maxi-

mum temperature reached for the air-annealed samples was

975 °C, ;165 °C lower than the maximum achieved temper-

ature (1140 °C) for the vacuum-annealed sample. This

difference in maximum attained annealing temperature needs

to be considered when comparing the post-annealed properties.

The diffractograms shown from the vacuum-annealed sample

were selected in a way such that the sample had the same

temperature as the ones selected from the air-annealed sample.

Overview STEM micrographs were acquired with an FEI

Tecnai G2 TF20 UT TEM, using high-angle annular dark field

mode, equipped with a field emission gun operated at a voltage

of 200 kV and an EDX from EDAX with an energy resolution

of 130 eV.

The hardness was measured with a UMIS2000 nanoinden-

tation system equipped with a Berkovich indenter. 49 quasi

static (closed loop) indents were made on the as-deposited and

as-annealed surfaces with a maximum load of 30 mN (max-

imum depth ;340 nm for the softest sample, being well below

10% of total coating thickness). The data were analyzed by the

technique of Oliver and Pharr [53] and reported here are the

mean value and the standard deviation from 46 (as-deposited),

44 (vacuum annealed 50 °C/min), and 30 (air-annealed)

indents with valid loading curves, respectively. The machine

compliance was calibrated to 0.2 nm/mN.
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