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Abstract: W-Cr-Zr systems with different compositions were oxidized in a mixed gas (Ar + 20 vol.% O2) 
atmosphere at 1000 ºC. The power law which was used to describe the oxidation behaviour, indicates that 
W-11.2wt.%Cr-1.7wt.%Zr has an excellent oxidation behaviour. As analysed from the ten-hour exposure, 
W-Cr-Zr thin film oxidation shows a self-passivating stage followed by a linear oxidation stage. In 
addition, a study on the addition of zirconium indicates that zirconia particles act as diffusion barriers for 
the chromium cation diffusion and in addition function as the nucleation sites for the formation of the 
initial oxide scale.
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1. Introduction

Tungsten (W) is considered as a promising candidate material for the first wall cladding in future 
fusion power plants, because of advantages like a high melting point, excellent thermal conductivity, high 
sputtering threshold and low tritium retention [1]. However, the first wall may face a safety risk in form 
of a loss-of-coolant accident accompanied by air ingress. This hypothetical case would lead to a 
temperature rise to 1000 °C after ~10 days due to the nuclear decay heat of the in-chamber components 
[2]. Air ingress leads to oxidation of the neutron-irradiated W and formation of volatile oxides [3]. From 
the current study, the oxidation behaviour of W thin film at 1000 °C is worse than linear oxidation 
behaviour, i.e. the oxidation rate increases with isothermal time. The volatile oxides contain a large 
fraction of radioactive nuclides. To prevent the sublimation of the highly radioactive oxides, high 
oxidation resistance self-passivating W alloys were proposed [4-6].

Self-passivating W alloys aim at forming a dense oxide scale on the surface and preventing further 
oxidation of W. The oxide scale forms due to preferential oxidation of passivating elements. Several 
requirements are imposed on the selection of a passivating element [7]:

 low radioactivity1, 
 high melting point, 
 suitable Pilling-Bedworth ratio2,
 good adhesion to the matrix. 

1 Short half-life time of the neutron irradiated material.
2 PBR is the ratio of the volume of the oxide to that of pure metal [8], we use it as a merit of the volume increase during oxidation.
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Chromium (Cr) as a passivating element has been extensively applied in antioxidant steels [9-11] 
and self-passivating W alloys [3-7]. In the W-Cr binary alloys [3,12], voids were detected at the interface 
between oxide scale and matrix. In case of continuous oxidation, the Cr2O3 scale would crack and even 
spall, which will result in W oxidation. A small amount of an active element was proposed to improve 
this behaviour. The major effects of the active element are improvement in the scale adherence and 
strengthening of the oxide scale [13]. According to the current understanding, an active element should 
have higher oxygen affinity and lower PBR relative to the passivating element. Yttrium (Y) is widely 
known as an active element, extensively applied in Fe-Cr alloys [14,15]. In recent studies [12,16], Y has 
also been added as an active element in self-passivating W alloys and shows an excellent oxidation 
resistance. 

In the present work, Zirconium (Zr) as an active element was proposed to improve the oxidation 
behaviour of the self-passivating W-based alloy especially with respect to long-term oxidation. Zr has 
good oxygen affinity [17], acceptable radioactivity [18], low PBR and a high melting point (~1855 ºC). In 
order to optimize the composition, a series of W-Cr-Zr thin film samples with different compositions has 
been produced by magnetron sputtering technique. Oxidation tests were conducted to evaluate the 
corresponding oxidation behaviour. In addition, detailed studies on the influence of Zr as an active 
element on the behaviour of Cr during the oxidation process were carried out.

2. Materials and methods

2.1 Preparation of samples

In this work, all of the studied samples are thin film samples, which are produced using a magnetron 
sputtering technique (PREVAC, Poland). Sputter targets of W, Cr and Zr with the same purity of 99.95 wt. 
% were supplied by the Kurt J. Lesker Company and the MaTeck GmbH. The W target and Cr target 
were mounted to the DC-magnetron whereas the Zr target was biased though RF-mode power. These 
metal elements were deposited on sapphire substrates of a diameter of 12 mm. The magnetron sputtering 
procedure was conducted under high vacuum conditions with a residual pressure lower than 1×10-5 mbar, 
which was necessary for avoiding oxygen. For the W-Cr-Zr system, the series of W-Cr-Zr samples were 
produced with the same deposition time of 90 min. In order to obtain a homogeneous structure, all targets 
were sputtered at the same time and the sample holder was kept at a rotation speed of 20 º/s. W-Cr-Zr 
samples with different compositions were obtained by adjusting the power of the corresponding 
magnetron targets. To investigate how Zr influences the behaviour of Cr during the oxidation process, 
two kinds of thin film samples with a double-layered structure were designed. Firstly, a pure Cr layer with 
a thickness of ~ 2.2 μm was sputtered on the sapphire substrates, then one sample was deposited with a 
pure Zr layer and another sample was deposited with Cr-Zr composite layer. Here, these two kinds of 
double-layered thin film samples are denoted by Cr-Zr and Cr-Cr/Zr, respectively. In addition, a pure Cr 
thin film sample was produced for reference.

2.2 Oxidation experiments

The oxidation behaviour was investigated using a thermal gravimetric analysis (TGA) facility (TGA 
16 from SETARAM) in a gas mixture of 80 vol.% Ar and 20 vol.% O2 with a pressure of 1 bar at 1000 °C. 
The purity of the Ar or O2 was 99.9999%. The flow rate of the mixture gas was 20 ml/min during the 
oxidation process. The TGA facility can measure in-situ weight change during the high temperature 
oxidation process as a function of time. The TGA facility was equipped with a double symmetrical 
furnace: one of the two furnaces was used for the produced sample oxidation tests; the other furnace was 
used for correction measurements. Therefore, considering the influence of buoyancy, gas velocity and 
temperature, correction measurements have been carried out with pure sapphire substrate, simultaneously. 
Firstly, for each of the series of investigations of W-Cr-Zr samples, an isothermal oxidation was 
conducted for 75 min. According to the oxidation curves, the most promising candidate alloy 
compositions were selected for longer oxidation tests for 10 h at 1000 °C to clarify the corresponding 
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oxidation behaviour. Furthermore, the oxidation experiments with pure Cr, Cr-Zr and Cr-Cr/Zr thin film 
samples were carried out in the same oxidation atmosphere with an isothermal time of 1 h. 

Fig. 1 presents the temperature and Ar flow rate profiles of the oxidation process with an isothermal 
oxidation for 75 min. Each of these studied samples was hanged into a triangle holder and heated with the 
furnace. To avoid sample oxidation during the heating stage, the furnace chamber was conditioned by a 
vacuum pumping process before heating. At the heating stage, the heating rate was 20 °C/min. When the 
temperature reached 150 °C, the TGA system was proceed by vacuum pumping again to further decrease 
the level of residual oxygen. Considering gas flow rate would effect on the weight change, the Ar flow 
rate was changed from 100 ml/min to 20 ml/min when the temperature reached 560 °C. At the holding 
stage, the sample underwent the isothermal oxidation test in a gas mixture of Ar and 20 vol.% O2 at a 
flow rate of 20 ml/min. The weight change during oxidation was recorded at a frequency of 1 Hz. For the 
cooling stage, the furnace was cooled at a cooling rate of 40 °C/min in Ar atmosphere. These details are 
depicted in Fig. 1. For the longer oxidation of the optimized W-Cr-Zr samples and the double-layered 
samples of Cr-Zr and Cr-Cr/Zr, the heating and cooling stage of the oxidation process are the same as 
shown in Fig. 1. The holding time is varied for different experiments.

Fig. 1 Temperature and gas flow rate profiles of the oxidation process.

2.3 Characterization

For each composition of the W-Cr-Zr system, one sample was selected for inductively coupled 
plasma optical emission spectrometry (ICP-OES) to measure the corresponding composition. The W-Cr-
Zr sample was completely dissolved with a mixture of 3 mL H3PO4 and 3mL HClO4 in Berghof pressure 
digestion at 200 ºC. After duration of 6 hours, the digested solution was diluted and then used for analysis. 
Table 1 shows the compositions of these W-Cr-Zr samples by weight percent (wt.%) and atomic percent 
(at.%) from the ICP-OES technique. Traditionally, W-Cr-Zr samples are named after their composition in 
wt.%. However, the high temperature oxidation of metals or alloys can be considered as a cation diffusion 
process [19-22], which is relate to the concentration of the diffusion atoms. Thus, it is worth to compare 
the composition of these W-Cr-Zr samples from the perspective of atomic percent. From Table 1, there 
exist two series of W-Cr-Zr samples with a similar Cr content of ~28.96 at.% and ~30.44 at.%, 
respectively. One series is W-10.4Cr-0.8Zr, W-10.5Cr-1.3Zr and W-10.5Cr-1.9Zr; and the other series is 
W-11.2Cr-1.7Zr, W-11.2Cr-3.6Zr and W-12.5Cr-7.0Zr. In addition, W-9.6Cr-1.9Zr and W-10.5Cr-1.9Zr 
have a similar Zr content of ~3.05 at.%; W-10.4Cr-0.8Zr and W-12.5Cr-0.6Zr also have a similar Zr 
content. Comparison of the change laws between the properties and composition of W-Cr-Zr samples is 
done using units of atomic percent in this work.
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Table 1. The composition of the obtained W-Cr-Zr thin film samples

Composition
W Cr ZrThin film samples

wt.% at. % wt.% at. % wt.% at. %
W-9.6Cr-1.9Zr 88.46 69.95 9.63 26.93 1.91 3.12
W-10.4Cr-0.8Zr 88.79 69.78 10.41 28.92 0.80 1.30
W-10.5Cr-1.3Zr 88.19 68.87 10.52 29.05 1.29 2.08
W-10.5Cr-1.9Zr 87.62 68.10 10.52 28.91 1.86 2.99
W-11.2Cr-1.7Zr 87.12 66.91 11.21 30.44 1.67 2.65
W-11.2Cr-3.6Zr 85.18 64.39 11.22 29.98 3.60 5.63
W-12.1Cr-7.0Zr 80.90 58.58 12.07 30.90 7.03 10.52
W-12.5Cr-0.6Zr 86.91 65.68 12.49 33.38 0.60 0.94

X-ray diffraction (XRD, D8 Discover, Bruker) was used to evaluate the phase structure of the 
samples as deposited and after oxidation. Scanning electron microscopy (SEM, Carl Zeiss Crossbeam 540) 
equipped with focused ion beam (FIB) was also used to characterize the surface morphology or cross 
section of some representative W-Cr-Zr samples before and after oxidation. For FIB cutting, the sample 
surface was deposited with a platinum (Pt) layer, which protects the surface from damages during cutting. 
In addition, to figure out the influence of Zr in the oxidation process, the Cr-Zr or Cr-Cr/Zr samples were 
analysed by SEM-FIB and the time-of-flight secondary ion mass spectrometry (TOF-SIMS, fourth 
generation, ION-TOF GmbH) analyser in the dual beam mode. The TOF-SIMS analyser aims at 
investigating the elements depth profile of the Cr-Zr and Cr-Cr/Zr samples. In this SIMS measurement, 
the sputtering oxygen ions beam (O2

+) with energy of 2 keV was applied on an area of 300 μm × 300 μm 
for sputtering a crater. The measurement bismuth ions beam (Bi+, Bi3+) with energy of 25 keV was 
progressively analysing the crater bottom in an area of 51 μm × 51 μm.

2.4 Evaluation of the oxidation behaviour

Evaluation of the oxidation behaviour was based on the analysis of the oxide scale growth. Several 
growth laws have been applied to describe the oxidation behaviour such as linear, logarithmic, parabolic 
and cubic laws. The linear law was based on the surface reaction step towards the reactive gases of the 
environment [19], which is used to describe the oxidation of non-passivating materials. The growth rate is 
independent of the time of the oxidation. The other growth laws are applied to evaluate the oxidation 
behaviour of the passivating materials. The logarithmic law was used to evaluate the growth behaviour of 
very thin oxide film in the range of 2-10 nm during the initial few minutes [20]. For the parabolic or cubic 
law, the growth rates are inversely proportional to thickness and squared thickness of the scale, 
respectively. According to the responding theories and analyses in [19-22], the growth laws of the 
passivating materials are correlated with ion diffusion. Among these oxide scale growth laws, the 
parabolic law is the most commonly used law that has been in-depth studied. The parabolic law [23] was 
first demonstrated experimentally by Tammann [24]. Based on the mechanism of the parabolic law from 
the Wagner’s oxidation theory [21], the oxidation process of the passivating material is determined by ion 
diffusion. The thickness of the oxide scale is proportional to the ion diffusion depth of oxidation. 

Therefore, the scale growth rate can be written as  [25], where X(t) is the thickness of the 
𝑑𝑋(𝑡)𝑑𝑡 =

𝑘𝑝𝑋(𝑡)
oxide scale over oxidation time (t) and  is the oxidation rate constant of the parabolic oxidation.𝑘𝑝

Since the mass change per unit area (∆m/A) is equivalent to the thickness of the oxide scale, the 
relationship between ∆m/A and time (t) obeys the parabolic law [3-8]. The mass change can be in-situ 
measured with the TGA facility and the area (A) of the tested samples can also be measured. The 
corresponding expression of the parabolic law can be written as
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                              (1).(
∆𝑚𝐴 )2 ∝ 𝑘𝑝 ∙ 𝑡

Nevertheless, Wagner’s oxidation theory is based on several assumed conditions [26]: Wagner’s 
theory requires that the oxidation product should be a dense, homogeneous, and relatively thick layer of 
oxide; formation of one oxide; and chemical equilibrium at each interface between different phases. 
These requirements are hard to satisfy at the same time in polycrystalline material [27,28]. Therefore, the 
parabolic law fails to exactly describe the oxidation behaviour of the passivating material, because the ion 
diffusion rate is not exactly proportional to 1/X(t). Based on the current understanding of the oxidation 

kinetics, we suppose that the oxide scale growth rate should be , where l is a dimensionless 
𝑑𝑋(𝑡)𝑑𝑡 =

𝑘𝑋(𝑡)𝑙
impact factor that describes the relationship between ion diffusion rate and oxide scale thickness. Using 
the term ∆m/A, the oxidation behaviour can be described by the expression (2) as below:

                                                               (2).(
∆𝑚𝐴 )𝑙+ 1 ∝ (𝑙+ 1) ∙ 𝑘 ∙ 𝑡

The expression (2) can also be rewritten in the form of a power law as

                                                                         (3),
∆𝑚𝐴 ∝ 𝐾 ∙ 𝑡𝑛

where  is the mass change, A is the surface area of the sample, and t is the oxidation time, K and n are ∆𝑚
defined as the oxidation coefficient and dimensionless oxidation exponent, respectively. According to the 
expression (3), if n = 1, the power law complies with the linear oxidation behaviour; if n = 1/2, the power 
law conform to the parabolic oxidation behaviour; when n = 1/3, the power law follows the cubic 
oxidation behaviour. Therefore, the power law is a general mathematical expression to describe the 
oxidation performance. Furthermore, the oxidation rate (oxide scale growth rate) can be defined as the 
mass change per unit area per unit time (the unit is mg∙cm-2∙s-1), and the expression can be written as,

                           (4).
𝑑𝑑𝑡(∆𝑚𝐴 ) ∝ 𝐾 ∙ 𝑛 ∙ 𝑡𝑛 ‒ 1

From the expression (4), when 0 < n < 1, the oxidation rate decreases over time. The corresponding 
material can then be called a self-passivating material. While n = 1 or n > 1, the oxidation rate is a 
constant or increases over time, thus the corresponding material can be classified as a non-passivating 
material. Essentially, oxidation protection involves the formation of an initial thin passivating scale all 
over the top surface and then its continuous growth [13]. According to the current study, the oxidation 
coefficient (K) associated with the mass change would be required to form the full coverage of 
passivating scale on the top surface and the oxidation exponent (n) is closely related to the continuous 
growth rate of the oxide scale.

3. Results

3.1 W-Cr-Zr thin film samples

The phase structure of produced W-Cr-Zr samples as deposited was examined by XRD. Considering 
the composition of these W-Cr-Zr samples, the corresponding XRD spectra are shown in Fig. 2a and 2b, 
respectively. From Fig. 2, each of the W-Cr-Zr samples only shows a single-phase structure with body-
centred cubic (bcc) structure. This finding means that the W-Cr-Zr samples have turned to a completely 
solid solution structure after magnetron sputtering and indirectly verifies that W-Cr-Zr samples have a 
homogenous microstructure. The dotted lines in Fig. 2 outline the corresponding peaks of a bcc structure. 
From the three peaks with the highest intensity peaks of (110), (200) and (211) in bcc structure, the W-Cr-
Zr samples have the same weak orientation of (200). In other words, the deposited W-Cr-Zr samples have 
preferred orientation during the magnetron sputtering process. Furthermore, these peaks in Fig. 2 exhibit 
positional deviation in different degree, especially for the high-angle peak of (211), indicating that the 
deposited W-Cr-Zr samples have a different lattice constant, which is due to the different composition.
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Fig. 2 XRD spectra of these W-Cr-Zr samples as deposited.

One representative sample, W-11.2Cr-1.7Zr sample, was selected to characterize the corresponding 
surface morphology and cross section via SEM-FIB. Fig. 3a is the surface morphology of the W-11.2Cr-
1.7Zr sample, showing a uniformly distributed flake structures. The cross section of the sample is shown 
in Fig. 3b, finding that the thickness of the sample is approximately 4 μm. Owing to the peaks widening 
in the XRD spectrum (Fig. 2), the sample should possess nanoscale grains. The different grains of the 
sample could be distinguished by the different contrast in Fig. 3b. Notably, there is no obvious singular 
microstructure as observed in Fig. 3, meaning that the W-Cr-Zr sample has a homogenous microstructure.

Fig. 3 (a) The surface morphology and (b) cross section of the W-11.2Cr-1.7Zr alloy as deposited

3.2 Oxidation behaviour

Each composition series of the deposited W-Cr-Zr samples underwent identical isothermal oxidation 
for 75 min. The corresponding oxidation curves are shown in Fig. 4a and 4b. Fig. 4a presents the 
oxidation curves of the W-12.5Cr-0.6Zr sample and W-Cr-Zr samples with a similar Cr content of ~28.96 
at.%. Fig. 4b presents the oxidation curves of the other series of W-Cr-Zr samples with similar Cr content 
and the rest of the W-Cr-Zr samples. From Fig. 4, the W-10.5Cr-1.3Zr sample shows the lowest mass 
change, while the W-12.1Cr-7.0Zr sample exerts the highest mass change after 75 min isothermal 
oxidation. Notably, the oxidation rate of the W-12.5Cr-0.6Zr sample has an anomalous change after 
oxidation of ~ 40 min. It is hard to clearly describe the oxidation behaviour of these W-Cr-Zr samples and 
find out the change laws between the corresponding oxidation behaviour and composition. To evaluate 
the corresponding oxidation behaviour, the power law expression (3) was applied to fit these oxidation 
curves. The corresponding fitting curves are marked red with dotted lines as shown in Fig. 4. All fitting 
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curves are fitted from the start to the maximum valid time. The maximum valid time gets from the 
maximum applicable range of the corresponding fitting curve, which depends on the coincidence of the 
fitting curve and the original oxidation curve. The maximum valid time was defined as the passivating 
time of the W-Cr-Zr sample, which is the duration time of the self-passivating behaviour. These fitting 
curves as shown in Fig.4 coincide very well with the original oxidation curve in the range of the 
passivating time, which verifies that the power law of expression (3) is suitable to describe the oxidation 
behaviour of the W-Cr-Zr self-passivating alloys.

Fig. 4 The oxidation curves of the obtained W-Cr-Zr samples at 1000 ºC. Solid colour lines are the 

original oxidation curves and the red dotted lines are the corresponding fitting curves.

Based on the power law fitting function, the two parameters oxidation coefficient (K) and oxidation 
exponent (n) of these oxidized W-Cr-Zr samples can be obtained and are presented in Table 2. The 
parameter of the abovementioned passivating time (T) is also shown in Table 2. When combining Fig. 4 
and Table 2, we found that the shape of the oxidation curve relates to the K and n in the range of the 
passivating time. The oxidation protection involves the formation of an initial thin passivating scale all 
over the top surface and then its continuous growth [13]. Therefore, we proposed that the K is associated 
with the mass change for forming the initial oxide scale. Further, the n is closely related to the continuous 
growth rate of the oxide scale. Large K value means intensive mass change at the first few moments. Low 
n value means moderate mass change, i.e. a low growth rate of the oxide scale at the following oxidation 
stage. From Table 2, Zr content affected not only the K but also the n. While the Cr content is kept 
constant, the K presents a change trend that increases with increasing Zr content but the n decreases with 
increasing Zr content. The W-12.5Cr-7.0Zr sample with the highest Zr content has the lowest n value, 
implying that Zr addition can reduce the growth rate of the formed oxide scale. In addition, the W-12.5Cr-
7.0Zr sample also has the highest K value, indicating it requires a high mass change to form the initial 
thin passivating scale. For the self-passivating materials, the loss of protection arises mostly from scale 
cracking or spalling. The loss of protection can be reflected in the parameter of passivating time. 
Therefore, passivating time would be a criterion to evaluate the level of self-passivating behaviour of 
these studied materials. It was found that the passivating time shows the same change law with oxidation 
exponent when the Cr content is similar. Most notably, the W-11.2Cr-1.7Zr sample has the longest 
passivating time and it shows the self-passivating behaviour at the full-scale oxidation time of 75 min. 
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Table 2 The oxidation coefficient (K), oxidation exponent (n) and passivating time (T) of the W-Cr-Zr 

samples (the standard error of K and n are below 5×10-5 and 5×10-4, respectively).

Thin film samples K n T, min

W-9.6Cr-1.9Zr 0.00205 0.46674 30
W-10.4Cr-0.8Zr 0.00107 0.54748 61
W-10.5Cr-1.3Zr 0.00185 0.44621 31
W-10.5Cr-1.9Zr 0.00182 0.43953 17
W-11.2Cr-1.7Zr 0.00242 0.46319 75
W-11.2Cr-3.6Zr 0.00334 0.45080 61
W-12.1Cr-7.0Zr 0.00809 0.35645 47
W-12.5Cr-0.6Zr 0.00222 0.47857 37

3.3 Microstructure characterization

After isothermal oxidation of 75 min, the oxidation products of W-Cr-Zr samples were examined by 
XRD. Fig. 5 presents the corresponding XRD spectra, which shows that the formed oxide scale is 
composed of Cr2O3 (JCPDS # 85-0730) and ZrO2 (JCPDS # 49-1642). There are no obvious tungsten 
oxide peaks in XRD spectra at least at the detection limit, indicating that the W-Cr-Zr alloy succeeds as a 
self-passivating material. Notably, these oxides of CrWO4 (JCPDS # 70-2371) and WO3 (JCPDS # 83-
0949) can be observed in W-12.5Cr-0.6Zr sample, meaning that W has been oxidized during the 75 min 
oxidation test. This is mainly attributed to the too low Zr/Cr ratio limiting the protection of W oxidation, 
which will be explained later. In addition, the ZrO2 peaks are very weak and only one characteristic peak 
can be detected because of the low content of Zr addition. Most notably, the solid solution peaks of the 
W-Cr-Zr samples are also observed in Fig. 5 as denoted by the dotted lines. Compared to Fig. 2, these 
three highest intensity peaks of (110), (200) and (211) obviously sharpen, which means that the matrix of 
these W-Cr-Zr samples exhibits a good crystallization property. Furthermore, the peak positions slightly 
deviate from the original positions in Fig. 2, i.e., the corresponding lattice constants have changed, 
implying that the composition of the matrix of these W-Cr-Zr samples has changed. This is may be due to 
the Cr and Zr depletion and formation of mixed oxides during the oxidation process.

Fig. 5 The XRD spectra of the W-Cr-Zr samples after isothermal oxidation of 75min.

The cross sections of several representative W-Cr-Zr samples were characterized and are shown in 
Fig. 6. The white layers on the top surface are the deposited Pt layer. Below the Pt layer, the dark layers 
marked with white dotted lines represent the formed oxide scale, which is composed of Cr2O3 and ZrO2 
from the XRD spectra (Fig. 5). The formed oxide scale on the surface of W-Cr-Zr sample indicates that 
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the produced W-Cr-Zr samples exert self-passivating behaviour. The thicknesses of the corresponding 
oxide scales are also denoted. Notably, some punctate, linear or regional dark areas could be found in the 
cross section, which have a similar contrast with the surface oxide scale, thus these areas are mainly 
oxides formed by internal oxidation. Fig. 6a presents the cross section of the W-12.5Cr-0.6Zr sample, the 
thickness of the oxide sale is only ~ 230 nm. However, the W-12.5Cr-0.6Zr sample displays severe 
internal oxidation, which is visible almost throughout the entire thin film. The severe internal oxidation is 
the main reason why the W-12.5Cr-0.6Zr sample presents an anomalously changed oxidation rate in Fig. 
4a. Fig. 6b and 6c are the cross sections of W-10.5Cr-1.3Zr and W-11.2Cr-1.7Zr samples, respectively. 
The W-10.5Cr-1.3Zr sample shows the lowest mass change in Fig. 4a, but possesses a thick oxide scale 
from Fig. 6b. Therefore, the lowest mass change is reflected in the small amount of internal oxidation. W-
11.2Cr-1.7Zr sample with the longest passivating time possesses an oxide scale with thickness of ~ 310 
nm, but possesses internal oxidation close to the surface. Remarkably, W-12.1Cr-7.0Zr sample with the 
highest mass change has the thickest oxide scale as shown in Fig. 6d. Furthermore, the W-12.1Cr-7.0Zr 
sample also exhibits severe internal oxidation that massive punctate oxides cover the entire cross section.

Fig. 6 The cross-section of (a) W-12.5Cr-0.6Zr, (b) W-10.5Cr-1.3Zr, (c) W-11.2Cr-1.7Zr and (d) W-

12.1Cr-7.0Zr samples after isothermal oxidation of 75 min.

3.4 W-Cr-Zr optimisation

The W-11.2Cr-1.7Zr sample with the longest passivating time was used for comparison with the 
other thin film samples [12]. These samples are oxidized at the same conditions and the corresponding 
oxidation curves are shown in Fig. 7a. All oxidation curves are fitted by the power law of the expression 
(3) and the oxidation behaviour parameters are also shown in Fig. 7a. The pure W sample with the highest 
oxidation exponent of ~1.56 means sudden oxidation at the initial few minutes. The oxidation exponent 
value is larger than 1, indicating that the pure W oxidation behaviour is worse than linear oxidation 
behaviour. The W-Cr sample shows better oxidation behaviour than the pure W, but only has ~5 min 
passivating time. Notably, the W-Cr-Y and the W-Cr-Zr samples show similar oxidation behaviour in the 
tested oxidation time which have similar oxidation coefficient and oxidation exponent. In contrast to the 
W-Cr sample, the oxidation exponent has obviously reduced and the passivating time has significantly 
increased. Therefore, the Y or Zr active element additions have significantly improved the high-
temperature oxidation behaviour by reducing oxidation exponent and prolonging the passivating time.
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Fig. 7 (a) The oxidation behaviours of the optimal W-Cr-Zr and the referred [12] (pure W, W-Cr and W-

Cr-Y) samples at 1000 ºC and duration of 75 min. (b) The longer oxidation test of W-Cr-Zr and W-Cr-Y 

samples. The red lines are the corresponding fitting curves.

Furthermore, the W-10.5Cr-1.3Zr sample has the lowest mass change after 75 min oxidation as can 
be seen in Fig. 4a. Thus the W-10.5Cr-1.3Zr and W-11.2Cr-1.7Zr samples are selected for a longer 
oxidation time of 10 h at 1000 ºC. Fig. 7b shows the corresponding oxidation curves and the comparison 
curve of the W-Cr-Y sample. The dotted lines are the corresponding fitting curves. From Fig. 7b, the 
longer oxidation process would contain a self-passivating stage and a linear stage. W-11.2Cr-1.7Zr has 
the lowest mass change after 10 h oxidation. The oxidation curves at the self-passivating stage agree with 
the power law, while at the linear stage they are following the linear law. The passivating times of W-Cr-
Y and W-11.2Cr-1.7Zr samples are approximately 2 h and 3 h, respectively. During the linear stage, the 
oxidation rates of W-Cr-Y, W-10.5Cr-1.3Zr and W-11.2Cr-1.7Zr samples are 4.84×10-5, 1.52×10-5 and 
1.00×10-5 mg/(cm2∙s), respectively. Therefore, Zr addition could obviously reduce oxidation at the linear 
stage. The influence of Zr addition will be discussed later. More remarkably, the W-Cr-Y sample has a 
significant inflection point from the self-passivating to the linear stage, while the W-Cr-Zr samples have a 
smooth transition between those two stages. This finding indicates that the W-Cr-Zr sample has a low 
oxidation rate after the self-passivating stage. Therefore, these W-Cr-Zr samples show better oxidation 
behaviour than the W-Cr-Y sample under given experimental conditions.

To clarify the oxidation product’s changes with the oxidation time, Fig. 8a shows XRD spectra of 
the W-11.2Cr-1.7Zr as deposited, oxidation with 75 min and 10 h. Apart from the Cr2O3 and ZrO2, which 
has been detected in W-Cr-Zr sample after oxidation of 75 min, two new oxides of Cr2WO6 (JCPDS # 73-
2236) and WO3 (JCPDS # 83-0949) could be detected in the oxide scale. Therefore, W element has been 
oxidized during the isothermal oxidation of 10 h. The corresponding cross section of the W-11.2Cr-1.7Zr 
sample was also characterized by SEM-FIB, as shown in Fig. 8b. Compared with Fig. 6c, the thickness of 
the formed oxide scale grows from ~ 310 nm to ~ 1 µm and the internal oxidation has obviously become 
worse because of the long-term oxidation. Notably, different from the dark oxide scale, two grey particles 
as denoted by black arrows exist at the top of the oxide scale. These two grey particles should be a newly 
formed oxide. To confirm the composition of the new oxide, a mapping spectrum was carried out in the 
indicated area as shown in Fig. 8b. The corresponding mapping images of W, Cr and O elements are also 
shown in Fig. 8b. From these mapping images, it can be concluded that the new oxide is composed of W, 
Cr and O. Combined with the XRD spectrum, it can be said that the new oxide corresponds to Cr2WO6 or 
the mixed oxides of WO3 and Cr2WO6. Based on current understanding, the tungsten oxides were 
detected on the top surface of the protective mixed scale (Cr2O3 and ZrO2), therefore, W oxidation in W-
Cr-Zr system would be controlled by the W cations diffusing outwards from the thin film towards the 
oxidizing atmosphere.
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Fig. 8 (a) XRD spectra of W-11.2Cr-1.7Zr sample and (b) cross section of the W-11.2Cr-1.7Zr sample 

after isothermal oxidation for 10 h.

4. Discussion

4.1 Evaluation of composition optimization

In this work, the power law was used to describe the oxidation behaviour. The corresponding 
oxidation behaviour parameters (K, n, T) can directly reflect the oxidation behaviour. The oxidation 
behaviour of W-Cr-Zr sample correlates with its microstructure and composition. Although the W-Cr-Zr 
thin films have a homogeneous microstructure after magnetron sputtering, different composition will 
result in different oxide microstructure during the oxidation process. In the W-Cr-Zr system, variation of 
the Zr/Cr ratio in different Cr content can illustrate its composition changes. For a deeper study of the 
oxidation behaviour of W-Cr-Zr samples, establishment of a relationship between the oxidation behaviour 
parameters (K, n, T) and Zr/Cr ratio is shown in Fig. 9. The value of the Zr/Cr ratio of W-Cr-Zr samples is 
given in units of atomic percent. The oxidation behaviour parameters of oxidation coefficient, oxidation 
exponent and the passivating time are marked with red, blue and black symbols and lines, respectively. 
The solid lines denote the corresponding parameter with similar Cr content, and the dotted lines denote 
the corresponding parameter with similar Zr content. From Fig. 9, these oxidation behaviour parameters 
are closely related to the Zr/Cr ratio of the W-Cr-Zr sample. Under the premise of the similar Cr or Zr 
content, the oxidation coefficient decreases first and then increases as Zr/Cr ratio increases. Remarkable, 
that the oxidation exponent shows an opposite trend: it increased and then decreases as Zr/Cr ratio grows. 
Turning the attention to the passivating time, where presents a change trend that increases first and then 
decreases as Zr/Cr ratio increases. Remarkably, the passivating time has a great fluctuation in a range 
between ~5% and ~10% of Zr/Cr ratio, which indicates that there exists an optimal Zr/Cr ratio value that 
has a longest passivating time. This finding is beneficial for material composition design and find out a 
promising W-Cr-Zr self-passivating alloy with an optimal oxidation resistance.
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Fig. 9 The oxidation coefficient (K), oxidation exponent (n) and passivating time (T) of the W-Cr-Zr 

samples over Zr/Cr ratio change (atomic ratio). The different colours represent the different parameters. 

The solid lines show the corresponding parameter with similar Cr content, and the dotted lines mean the 

corresponding parameter with similar Zr content.

An excellent self-passivating W alloy must possess a long passivating time, which requires a high 
quality (dense) initial thin oxide scale to prevent W oxidation and a low growth rate of the oxide scale. In 
the W-Cr-Zr system, Cr as a passivating element is responsible to form the Cr2O3 oxide scale, while Zr 
acts as the active element to improve the oxidation behaviour. Zr has a higher oxygen affinity than the 
passivating element Cr [17]. Thus, the initial oxide scale must involve two oxides of ZrO2 and Cr2O3, 
which can be deduced from XRD spectra in Fig. 5. The microstructure of the oxide scale is that the ZrO2 
particles are dispersed in the Cr2O3 scale matrix. Different composition of W-Cr-Zr system will result in 
different microstructure of the formed oxide scale during the oxidation. The quality of the initial oxide 
scale can be estimated by internal oxidation. Poor quality of the initial oxide scale will help oxygen 
getting through the oxide scale and results in internal oxidation. Therefore, deeper internal oxidation 
means a worse initial oxide scale. In Fig. 6, the W-12.5Cr-0.6Zr and W-12.1Cr-7.0Zr samples show deep 
internal oxidation, meaning that W-12.5Cr-0.6Zr and W-12.5Cr-7.0Zr samples have a poor quality initial 
oxide scale, which is due to either too low or too high Zr/Cr ratio. Too low Zr/Cr ratio means low Zr 
addition and low Zr influence, which is close to the W-Cr binary system. Hence, it is easy to understand 
that the W-12.5Cr-0.6Zr sample after oxidation of 75 min contains tungsten oxides (CrWO4 and WO3) 
and presents a deep internal oxidation. Generally, the role of active elements has indicated that the 
beneficial effects are more pronounced if the active element fraction does not exceed some low 
concentration, whereas higher active element concentrations will result in undesirable negative effects 
[13]. For the W-Cr-Zr thin film systems, the dispersive distribution of ZrO2 fine particles can suppress the 
Cr2O3 scale growth at a low Zr active element concentration. Addition of further Zr increases the ZrO2 
particles size, which would decrease the adhesion between oxide scale and matrix. Therefore, too high 
Zr/Cr ratio can also result in a poor quality initial oxide scale. In this sense, the experimental studies do 
support the analytical considerations using the power law, on existence of an optimal Zr/Cr ratio value 
that has a longest passivating time for the W-Cr-Zr self-passviating alloy. Notably, the W-10.5Cr-1.3Zr 
and W-11.2Cr-1.7Zr samples have a similar Zr/Cr ratio but there exist an obvious difference in 
passivating time. The reason is due to the W-11.2Cr-1.7Zr sample possesses a higher and sufficient Cr 
content. It is implying that different Cr content may be the reason why the passivating time has an 
obvious fluctuation in the optimal range between 5% and 10% of Zr/Cr ratio. The W-11.2Cr-1.7Zr sample 
with a higher Cr content and an optimal Zr/Cr ratio possesses a high quality initial oxide scale, hence, its 
internal oxidation is located close to the surface. Therefore, from the material composition design 
perspective, a promising W-Cr-Zr self-passivating alloy requires sufficient Cr content and an optimum 
Zr/Cr ratio. These two samples have a similar oxidation exponent, but the W-11.2Cr-1.7Cr sample 
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presents a higher oxidation coefficient than the W-10.5Cr-1.3Zr sample. Therefore, the current 
dependencies between oxidation behaviour parameters and oxidation experiment would mean that the 
Zr/Cr ratio is directly related to the oxidation exponent, whereas the oxidation coefficient in turn is 
indicating whether there is enough of the passivating element Cr in the alloy as required to form a high 
quality initial oxide scale. This crucial microstructural feature of the initial oxide scale is responsible for 
the improvement of self-passivating behaviour, which is related to the distribution of the active element in 
the material during the oxidation. The oxidation coefficient of W-11.2Cr-1.7Zr sample locates at a 
moderate value (Fig. 9), implying that a dense initial thin oxide scale requires primarily a suitable 
oxidation coefficient. Furthermore, a lower oxidation exponent means a low growth rate of the oxide 
scale. Therefore, an excellent self-passivating W alloy with a long passivating time requires a suitable 
oxidation coefficient and a lower oxidation exponent. 

4.2 Influence of Zr

In the W-Cr-Zr thin film system, Zr as the active element improves the oxidation behaviour. 
Therefore, it is necessary to study how Zr influences Cr behaviour during the oxidation process. Fig. 10 
shows the oxidation curves of the pure Cr, Cr-Zr and Cr-Cr/Zr samples oxidized under identical 
conditions for 1 h at 1000 ºC, which are marked with different solid colour lines. According to the power 
law, the corresponding fitting curves are depicted by the red dotted lines. The oxidation curves directly 
reflect the oxidation process of the thin film samples. For the Cr-Zr and Cr-Cr/Zr samples, the oxidation 
curves at the initial few minutes reveal the oxidation behaviour of the Zr or Cr/Zr surface layer. Hence the 
corresponding fitting curves start a few minutes later, which reflect continuous Cr oxidation. The 
parameters of oxidation coefficient and oxidation exponent are also shown in Fig. 10. These three 
samples are showing self-passivating behaviour within the oxidation time. The pure Cr sample has the 
highest mass change after oxidation, while the Cr-Cr/Zr sample has the lowest mass change, which is 
almost half of the mass change of the Cr-Zr sample. This is owing to the fact, that the Cr-Cr/Zr sample 
has the lowest oxidation coefficient and the lowest oxidation exponent.

Fig. 10 The oxidation curves of pure Cr, Cr-Zr and Cr-Cr/Zr samples with an isothermal time of 1 h. 

From the oxidation coefficient perspective, the pure Cr sample has the highest oxidation coefficient 
and presents a fast mass change at the initial few moments of exposure. The initially formed oxide scale 
correlates with an oxidation coefficient. For the Cr-Zr or Cr-Cr/Zr samples with double-layered structure, 
the surface Zr layer or Cr/Zr composite layer must be preferentially oxidized and form the corresponding 
oxide scale during the oxidation process. Thus, it is easy to understand that the Cr-Zr and Cr-Cr/Zr 
samples have a lower oxidation coefficient compared to that of the pure Cr sample. Comparing the pure 
Cr sample to the Cr-Cr/Zr sample, the Cr-Cr/Zr sample has an initial composite oxide scale that results in 
a lower oxidation coefficient. It indicates that the Zr active element additions can accelerate the formation 
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of the initial oxide scale simultaneously reducing the depletion of Cr. For the Cr/Zr composite layer on 
the top surface of the Cr-Cr/Zr sample, Zr element prefers to oxidize and then act as the nucleation sites to 
accelerate oxide nucleation and formation of the initial oxide scale.

When we look ongoing process from the oxidation exponent perspective, the oxidation exponent of 
the Cr-Zr sample is slightly higher than that of pure Cr sample. At the high temperature of 1000 °C, the 
formed oxides would be ionization. During the ionization process, the oxygen concentration of the ZrO2 
scale on the surface of the Cr-Zr sample would be higher than that of pure Cr with a Cr2O3 scale on the 
surface. High oxygen concentration is beneficial for Cr depletion, which reflects in a high oxidation 
exponent. Furthermore, the Cr-Cr/Zr sample has a lower oxidation exponent as compared to the pure Cr 
sample. The oxidation exponent is closely related to the continuous growth rate of the oxide scale. 
Notably, the mechanism of Cr oxidation is controlled by Cr cation diffusion outward [27]. This means 
that Zr as an active element can reduce the oxidation rate and Cr depletion by hindering Cr cation 
diffusion. Based on the abovementioned analysis, Zr additions have an effect not only on the oxidation 
coefficient but also affect the oxidation exponent.

XRD was also used to characterize the Cr-Zr and Cr-Cr/Zr samples before and after the oxidation, 
the corresponding XRD spectra are shown in Fig. 11. The Cr-Zr and Cr-Cr/Zr samples as deposited are 
composed of Cr (JCPDS # 06-0694) and Zr (JCPDS # 88-2329) phase. For the Cr-Zr sample after 
oxidation of 1 h, the oxide scale contains Cr2O3 and two kinds of ZrO2 oxides (JCPDS # 86-1449 and 
JCPDS # 49-1642). For the Cr-Cr/Zr sample, the formed oxide scale is also composed of Cr2O3, but only 
one kind of ZrO2 (JCPDS # 49-1642). Comparing the XRD spectra between these double-layered samples 
(Fig. 11) and W-Cr-Zr system (Fig. 5), the formed initial oxide scales are mainly composed by Cr2O3 and 
ZrO2. Therefore, Zr influence in double-layered samples would be similar to the case of the W-Cr-Zr 
system.

Fig. 11 The XRD spectra of Cr-Zr and Cr-Cr/Zr samples as deposited and after oxidation test.

The cross section of the Cr-Zr and Cr-Cr/Zr samples is also characterized by SEM-FIB and the 
corresponding images are shown in Fig. 12. In addition, the depth profiles of Cr and Zr are also presented 
in Fig. 12. These are obtained from the SIMS measurement. Figs. 12a and 12b show the Cr-Zr and Cr-
Cr/Zr samples as deposited, respectively. From the corresponding SIMS results, the surface layers are the 
Zr layer and the Cr/Zr composite layer, respectively, which agree with what we designed. For the 
oxidation process of the Cr-Zr sample, the Zr layer would be first oxidized on the top surface, 
subsequently, the sub-surface layer of Cr layer would begin to oxidize. The cross section and the SIMS 
profiles are presented in Fig. 12c. The Zr depth profile shows that the Zr cation only exists on the surface, 
whereas the Cr depth profile shows that the Cr cation mainly exists in the sub-surface. Combined with the 
XRD spectra in Fig. 11a, the surface oxide layer is ZrO2 and the oxide in the sub-surface is Cr2O3. The 
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oxidation of metals or alloys at high temperature can be depicted as ion diffusion process [19-22]. For the 
oxidation of the Cr-Zr sample, the Cr2O3 scale grows by outward diffusion of Cr cation. The Cr cation 
diffusion would result in vacancy accumulation and the formation of voids beneath the Cr2O3 scale [27] 
as shown in Fig. 12c. Notably, there is no Cr2O3 detected on the top of the surface of the ZrO2 layer, 
which implies that the Cr cation diffusion through ZrO2 scale was required to overcome a higher energy 
barrier than O anion through ZrO2 scale. From the phase diagram [29], the solubility of Cr in ZrO2 is very 
low at 1000 °C, indicating that the Cr cation is hard to diffuse through the ZrO2 layer. Therefore, the ZrO2 
can reduce the Cr element oxidation by hindering Cr cation diffusion. 

Fig. 12The cross-section of (a) Cr-Zr sample as deposited, (b) Cr-Cr/Zr sample as deposited, (c) Cr-Zr 

sample after oxidation test (d)Cr-Cr/Zr sample after oxidation test. In (a) - (d), the corresponding SIMS 

profiles were marked on SEM images.  

For the Cr-Cr/Zr sample, the Cr/Zr composite layer would be preferentially oxidized and form a 
composite oxide scale already in the beginning of the oxidation process. In the course of oxidation, the 
sub-surface layer of Cr layer begins to oxidize and forms a new oxide scale. From the SIMS depth 
profiles in Fig. 12d, the Zr cation exists in the sub-surface, whereas the Cr cation is distributed on the 
surface and sub-surface i.e. Cr/Zr layer is not blocking Cr diffusion outwards as mentioned in previous 
case. Combined with the XRD spectra in Fig. 11b, the composite oxide scale composed of Cr2O3 and 
ZrO2 is located at the sub-surface. Notably, the new oxide scale is Cr2O3 and formed on the top of the 
composite oxide scale, which should be due to the Cr cation could diffuse through the composite oxide 
scale. Unfortunately, these layers of the new Cr2O3 scale, composite oxide scale and the pure Cr layer are 
hard to be distinguished because of their low contrast difference. For better understanding the thin film 
structure after oxidation, these almost invisible interfaces are also marked with yellow dotted lines. The 
low visibility of the interfaces is believed to be due to some micro-pores as visible e.g. in Fig. 12d. 
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Compared to the Cr-Zr sample, there is no big pore structure beneath the oxide scale, which may originate 
from the Zr active element reducing Cr diffusion. In addition, the thickness of the oxide layer for the Cr-
Cr/Zr sample is almost half of the thickness of the oxide layer for the Cr-Zr sample, which agrees well 
with the mass changes of the responding samples in Fig. 10. 

Generally, Fig. 12c indicates ZrO2 as the diffusion barrier can hinder Cr cation diffusion during the 
oxidation process. For the Cr-Cr/Zr sample after the initial few moments of oxidation, the composite 
oxide scale possesses a microstructure with dispersed ZrO2 particles which can distribute in the Cr2O3 
matrix. Thus, these ZrO2 particles can decrease the Cr cation diffusion and then reduce Cr depletion. This 
would be the reason why the Cr-Cr/Zr sample has a lower oxidation exponent compared to the pure Cr. 
Therefore, as mentioned above, due to higher O-affinity of Zr, Zr oxidizes preferentially and acts as the 
nucleation sites for Cr oxidation and subsequently leads to formation of the initial composite oxide (Cr2O3 
and ZrO2) scale. In the progress of oxidation, the formed ZrO2 particles can reduce Cr depletion, that is, 
decrease the oxidation rate, and thus prolong the passivating time. This is the reason why W-Cr-Zr system 
has no significant inflection point from the self-passivating to the linear stage. Therefore, Zr as an active 
element can play the decisive role to improve the high temperature oxidation behaviour of W-Cr-Zr thin 
film system.

5. Conclusions

In this work, a power law was used to evaluate the oxidation curves of W-Cr-Zr thin film alloys. As 
the analysis shows, an excellent self-passivating W alloy must possess a long passivating-time and thus 
requires a suitable oxidation coefficient and a lower oxidation exponent. A suitable oxidation coefficient 
is beneficial to form a dense initial thin oxide scale whereas a lower oxidation exponent means a low 
growth rate of the oxide scale during the further progression. 

To find an optimum the composition of the W-Cr-Zr system, the relationship between the oxidation 
parameters (K, n, T) and the Zr/Cr ratio was investigated. Our analyses led to the conclusion, the 
oxidation coefficient decreases first and then increases as Zr/Cr ratio rises, whereas the oxidation 
exponent shows the opposite behaviour to the oxidation coefficient. The longest passivating time was 
attained for an optimum Zr/Cr ratio in the range between ~5% and ~10%. 

According to the power law fitting function, the pure W sample has an oxidation component of 
~1.56, which is larger than 1, indicating that the pure W oxidation behaviour is worse than linear 
oxidation behaviour. For the ternary alloys at a ten-hour oxidation, the oxidation process contains a self-
passivating stage followed by a linear stage. The W-Cr-Y sample has a significant inflection point from 
the self-passivating stage to the linear stage, while the W-Cr-Zr samples have a smooth transition between 
those two stages. This indicates that W-Cr-Zr thin film system show better oxidation behaviour than the 
W-Cr-Y thin film system under given experimental conditions. Remarkably, the W-11.2Cr-1.7Zr sample 
with a thickness of ~4 μm possesses a passivating time of ~3 h.

Based on the experiments related to the influence of the Zr, additions of Zr not only have an effect 
on the oxidation coefficient but also affect the oxidation exponent. Zr as an active element during the 
oxidation is prone to forming nucleation sites in order to assist an initial oxide scale and then reduce 
oxidation by hindering Cr cations diffusion. Therefore, Zr as active element plays the key role in 
improvement the high temperature oxidation behaviour of the W-Cr-Zr thin film system. 

For the W-Cr-Zr ternary alloy, the Cr passivating element aims at forming the protective oxide scale, 
while the Zr active element acts on improving the oxidation resistance. In the case of long-term oxidation, 
the Cr depletion will result in W oxidation. Therefore, detailed studies of the influence of the formed 
oxide scale on the W oxidation are essential. In addition, preparation of the W-Cr-Zr ternary bulk alloy 
and observation of the corresponding oxidation behaviour are necessary for future investigations.
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