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Abstract
To reduce scale spallation, scale volatilization, and nitrogen embrittlement in Cr-
based systems, reactive elements such as Y, Zr, Hf, La, and Ce were introduced as 
oxide dispersions into pure chromium. In addition, Hf coating systems were inves-
tigated. One was a Hf sputter layer with varying thickness, and the other one a Hf-
containing precursor ceramic, i.e., SiHfBCN, which may be considered as suitable 
material for environmental barrier coating applications. Oxidation tests at 1050 ◦C in 
synthetic air for 50 h were carried out using thermogravimetric analysis. The sam-
ples were analyzed via X-ray diffraction, optical microscope, electron microprobe 
analysis, and scanning electron microscope. All reactive elements led to a decrease 
in total mass gain after oxidation compared to pure Cr, with Y and Zr showing the 
strongest effect. Improvements in oxide attachment, oxide growth rate, volatilization 
rate as well as nitridation resistance were observed. Concerning these experiments, 
Y showed the most promising results. Concerning Hf, coating systems, especially 
SiHfBCN, showed a higher effect on improving the oxidation resistance. The reason 
for this outcome might be that not only Hf is active in the precursor ceramic layer. 
A more complex oxide layer has formed, which consisted of not only Cr2O3 but also 
of Hf and Si oxides. This layer prevents the material from any nitridation under the 
selected oxidation conditions.
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Introduction

To improve turbine efficiencies by material developments, especially in aviation, 
two approaches are discussed in research and industry: reduction of weight either 
by using materials with higher specific strength compared to Ni-based superal-
loys, like TiAl alloys, or by using materials which offer higher melting points and 
therefore higher working temperatures. With regard to the latter, the most promis-
ing material group comprises refractory metals and refractory metal-based alloys. 
Among these, chromium and Cr-based alloys offer very interesting mechanical 
and physical properties, e.g., lower densities compared to those of Ni or Ni-based 
superalloys [1, 2], high thermal conductivity, and high oxidation resistance [3]. 
Another important point is availability, which is very high for chromium [4]. The 
main drawbacks preventing the use of Cr and its alloys in structural high-temper-
ature applications so far are: (1) poor room temperature ductility, which is known 
to depend on the impurity content [5–8]; (2) embrittlement by nitrogen which 
enters the alloy during high-temperature oxidation ( T > 900 ◦C ) [8–10]; (3) oxi-
dation of pure Cr increases due to fast growing Cr2O3 scales, scale wrinkling and 
spallation at temperatures higher than 1000 ◦C [11–13]. Concerning fundamental 
properties, the mismatch of thermal expansion coefficient (CTE) between pure 
Cr and Cr2O3 is higher (2.6–2.5 × 10−51∕◦C [2, 14]) compared to the mismatch 
in thermal expansion coefficient of Ni-based alloy and Al2O3 , which is around 
5.1–6.6 × 10−61∕◦C (200–1000 ◦C ) [15]. In addition, the Pilling–Bedworth ratio 
(PB ratio) of Cr2O3 formation on pure Cr is rather high for an oxide widely con-
sidered protective. Despite the inability to draw a simple correlation from both 
values to spallation resistance of the oxide, the occurrence of internal stresses 
in chromia is considered to be one of the biggest issues which might lead to 
increased spallation and cracking [16]. Reactive elements (REs) were repeatedly 
found to strongly suppress spallation from Al2O3-forming alloys as well as from 
Cr2O3-forming alloys. In addition, for the case of a balanced RE concentration 
there can be a significantly improved oxidation resistance of Al2O3 - and Cr2O3

-forming alloys, as already reported by Pfeil in the 1930s [17, 18]. Beside chal-
lenges in oxide scale formation, Cr also forms volatile species like CrO3 which 
highly affect the oxidation kinetics at temperatures above 1000 ◦C [12, 19, 20]. To 
the best of the authors knowledge, the effect of reactive elements on the volatili-
zation of oxide scales has not yet been investigated.

The most prominent reactive elements which are known to have beneficial 
effects on the oxidation behavior of Cr2O3 and Al2O3 scales are yttrium, hafnium, 
cerium, zirconium, and lanthanum [21–24]. The reactive element effect (REE) 
was ascribed to four main points for chromium and Cr2O3-forming alloys: (i) 
Enhancement of the selective oxidation by enhancing the diffusion of oxide-form-
ing elements in the subsurface region most probably due to a decrease in oxide 
grain size; (ii) reduction of scale growth rate; (iii) change in scale growth mech-
anism from cation outward to oxygen inward transport; and (iv) improvement 
of scale adhesion [21–23, 25–27]. A change in chromia scale nucleation, grain 
size, and structure [28–30] might also lead to a change in scale morphology and 
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mechanical properties influencing the induced stresses in Cr2O3 during growth 
or thermal cycling. However, this effect is controversially discussed in literature 
[30–33].

Most experiments for investigating the REE were done on Al2O3 - or Cr2O3-form-
ing alloys while only little research was found on the investigation of the REE on 
pure Cr [29, 30]. To obtain the beneficial effects of reactive elements, the amount 
has to be kept very low in the range 0.01–0.5 wt.% [22]. Different ways of apply-
ing the REE on Cr and its alloys were reported, including: (i) addition of reactive 
element oxides as oxide dispersions (OD) [24, 26, 28, 34]; (ii) alloying with reac-
tive elements [24]; (iii) ion implanting of RE into oxide scales [29, 35–37]; and (iv) 
surface coatings of reactive elements or their oxides [30, 38, 39]. OD are very inter-
esting as they also influence the mechanical properties of the alloys [40] in contrast 
to surface layers. RE surface layers are introduced via different techniques: sol–gel 
deposition, sputtering, or chemical vapor deposition. The advantage of sputtering for 
RE oxide film production is the possibility to produce very thin but dense films on 
the substrate surface. Hussey and Graham [41] reported that a film thickness of only 
4 nm is enough to provide the reactive element effect and that no further improve-
ments in oxidation kinetics can be found for thicker sputtered films.

In this work, chromium was alloyed with small amounts of REs (Y, Hf, Ce, Zr, 
La) as oxide dispersions. This enabled a direct comparison of the different reac-
tive element effects on pure chromium under the same oxidation conditions. Fur-
thermore, two Hf-containing coatings were deposited on pure chromium to enable a 
comparison of different REE applications. The first one is a sputter coating, whereas 
the second system is amorphous polymer-derived SiHfBCN [42]. The latter was 
developed as a ceramic system that does not show any phase transition or decom-
position up to 1400 ◦C and good oxidation resistance in the range of 1200–1400 ◦C 
[43]. Recently, the application of a polymer-derived coating consisting of Si–O–N 
on Mo–Si–B demonstrated an improvement of oxidation resistance at 800 ◦C and 
1100 ◦C by forming an environmental barrier which additionally acts as oxygen trap 
[44]. Hence, it is expected that the SiHfBCN coating also improves the oxidation 
resistance of Cr. It is assumed to exhibit the properties not only of a silica former, 
but also of a reactive element supplier due to its Hf content, promoting stable, ther-
mally grown oxide formation.

Experimental Procedures

For preparing the OD alloys, reactive elements were sputtered on 7-g chromium 
pieces ( Cr > 99.95 wt.% , Plansee SE), which were subsequently melted by using 
electric arc melting. A RE concentration of 0.2 wt.% in each alloy was chosen based 
on the results of Pint [22]. Before sputtering, the Cr pieces were cleaned for 10 min 
in acetone using an ultrasonic bath and the size of the flat side, on which the RE 
were sputtered, was determined using optical microscopy and Imagic IMS analysis 
software. Reactive element sputter targets produced by Kurt J. Lesker Company 
( Y > 99.9% , Zr > 99.2% , Hf > 99.9% (ex Zr), La > 99.9% , Ce > 99.9% ) were used. 
Previous to the experiments, a surface-dependent sputtering rate S[ g

cm2 h
 ] was deter-
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mined (not shown here) following the dependence S =
�m

A×t
 in which �m is the change 

in the samples’ mass before and after sputtering, A the sputtered area, and t the sput-
tering time. With the help of the calculated sputtering rate, t was set according to the 
desired alloy composition ( t = m×x

A×S
 , x is the weight fraction of the respect RE in the 

alloy, m the mass of the Cr sample).
For the sputtering process, the Cr pieces were additionally wrapped in Teflon foil 

so that only the measured side could be hit by the sputter particles. For deposition, 
radio frequency (RF) magnetron sputtering in a sputter coater (4-tec) was used, and 
the process was conducted in Ar (process gas flow 9 sccm Ar, 0.63 Pa for ignition). 
The applied power and the sputtering times were, respectively: Y: 0.21 kW, 59 min; 
Zr: 0.21 kW, 193 min; Hf: 0.22 kW, 79 min; La: 0.06 kW, 259 min; Ce: 0.11 kW, 
173 min. Surface cleaning in an Ar-plasma was executed before the sputtering pro-
cess (RF, 0.9 Pa, 30 W). After sputtering, the samples were alloyed by electric arc 
melting using the Compact Arc Melter MAM-1 by Edmund Bühler GmbH under 
an high-purity Ar atmosphere. In addition to the sputtered samples, a pure Cr sam-
ple was also fabricated by arc melting to obtain comparable impurity concentrations 
in all investigated samples. Prior to the sample melting, a zirconium sample was 
melted twice to getter oxygen from the melting chamber. To guarantee a homoge-
neous distribution of the RE in the alloy, the samples were remelted seven times. 
In addition to the previously mentioned sample, a pure Cr and a Cr–Y alloy were 
fabricated under the same conditions but using another Cr substrate with a higher 
purity ( Cr > 99.995% ). Such samples were prepared to identify the influence of RE 
on oxidation depending on different impurity levels in the substrate material.

Thermogravimetric analysis (TGA) was carried out to investigate the oxidation 
kinetics by measuring the change in mass gain over oxidation time. For the TGA 
experiments, small pieces of about 3 × 8 × 2 mm were cut from the alloyed ingots 
via wire eroding, ground using SiC paper to a P500 surface finish, and cleaned in 
acetone for 10  min using an ultrasonic bath. The exact sample dimensions were 
measured via optical microscopy and Imagic IMS analysis software. The TGA setup 
consists of a Sartorius M25D-V precision balance, a programmable furnace (Carbo-
lite CTE 15/75), and a cage made out of platinum wire covered with alumina tubes 
carrying the sample. The experiments were carried out at 1050 ◦C with a heating 
rate of 10 K

min
 and under a gas flux of 4 l

h
 in synthetic air, using Ar as protection gas 

for the balance. Prior to the experiments, the balance was stabilized for several hours 
in the gas flow to reach equilibrium. An oxidation time of 50 h at temperature was 
chosen because for pure chromium the first discontinuity in the mass gain character-
istic can be found within this time [45]. Afterward, the furnace was let to freely cool 
down.

The sputter coatings were prepared on 9 × 9 × 13 mm Cr samples. Hf was sput-
tered for 6  s, 12  s, and 18  s on each side to obtain different coating thicknesses 
which are in the range of 4 nm, 8 nm, and 12 nm (calculated values based on sput-
tering rate S). These thicknesses were chosen according to the findings of Hussey 
and Graham [41].

For deposition of the SiHfBCN coating, the spin coating process was chosen 
as it provides thin, dense, and homogenous layers on the surface of the substrate 
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and thus layer delamination can be avoided. The synthesis of the polymeric 
single-source precursor was performed in inert gas argon atmosphere. Thus, 
10.8  ml of a commercially available polysilazane (HTT 1800, Merck KGaA) 
was dissolved in 20 ml anhydrous toluene. Subsequently, a solution of 4.8 ml of 
tetrakis(diethylamido)hafnium (Hf(N(Et)2)4 , Sigma-Aldrich) in 20 ml toluene was 
added dropwise at room temperature to the solution of HTT1800. The mixture 
was stirred for 2 h, cooled down to −50 ◦C and then a solution of 2.4 ml of borane 
dimethyl sulfide complex (BH3 ⋅ (CH3)2S , Sigma-Aldrich) in 10  ml toluene was 
added dropwise to the cooled solution. After stirring for 2 h at −50 ◦C , the solu-
tion was let to reach room temperature and stirred for 24 h. After the removal of 
the solvent in vacuum at 50–60 ◦C , the preceramic polymer was obtained as a 
viscous liquid [46]. The obtained single-source precursor was dissolved in tolu-
ene (volume fraction 1:1.5) to get a solution with a viscosity suitable for the spin 
coating process and was applied onto chromium samples with the dimensions 
9 × 9 × 2  mm via spin coating (SPIN 150, SPS-Europe B.V.). The process took 
place under Ar atmosphere in a glove box. It was divided into three steps: (1) 
dispersion of the coating material all over the sample surface using a program of 
10 s at 100 rpm with an acceleration of 500 rmp

s
 ; (2) actual coating step (30 s at 

900 rpm with an acceleration of 500 rmp

s
 ); (3) removing the solvent from the coat-

ing for 30 s at 1000 rpm with an acceleration of 500 rmp

s
 . After the spin coating 

process, a thermal treatment under argon atmosphere was done for cross-linking 
and pyrolysis. For cross-linking, the samples were heated from room temperature 
to 200 ◦C for 3 h with a heating rate of 0.83 K

min
 . Subsequently, the samples were 

heated to 1100 ◦C for pyrolysis.
The sample coated with a Hf-based sputtered layer and the sample coated with 

amorphous SiHfBCN were isothermally oxidized in a tube furnace (Carbolite STF 
14/450). The samples were put into Al2O3 crucibles and heated to 1050 ◦C with a 
heating rate of 15 K

min
 in synthetic air with a gas flux of 4 l

h
 and a dwell time of 50 h 

with subsequent furnace cooling.
X-ray diffraction (XRD) analysis (Brucker D8 advance diffractometer, with 

Cu-K
�
 ) is used for the identification of the coating compositions and of the oxides 

formed on the surface of the samples after oxidation. Bragg–Brentano geometry was 
used varying 2� from 20 ◦ to 90 ◦ . For XRD pattern analysis, the PDF database was 
used.

Metallographic cross sections of samples in arc-melted condition, after spin coat-
ing, and after oxidation were prepared. A Ni coating was applied on the substrate 
surface using electroplating to protect the oxide scale. Subsequently, the samples 
were mounted in epoxy resin. The samples were ground with SiC paper and pol-
ished using diamond suspension up to a surface finish of 1 μm with a subsequent 
cleaning with acetone. The thickness of the oxide, nitride, and precursor ceramic 
layer was determined using optical microscopy. Thus, more than 20 measurements 
per sample were performed for at least three positions of the sample surface. The 
percentage of the areas which are directly in contact with the oxide were determined 
for selected samples using optical microscopy of the sample cross sections. At least 
three micrographs per sample were taken into account. Alloy composition and scale 
composition were investigated using electron probe microanalysis (EPMA, JEOL 
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JXA-8100) and secondary electron microscopy (SEM, Philips XL40 electron micro-
scope) equipped with an energy-dispersive X-ray spectrometer (EDX).

Results

Arc‑melted Microstructure

As an example of the microstructure after arc melting, a BSE image and correspond-
ing element maps for the Cr–0.2 Hf [wt.%] sample are shown in Fig. 1. All samples 
consist of a Cr matrix with homogeneously distributed reactive element-contain-
ing precipitates. EPMA point measurements (not shown here) indicated that these 
precipitates are fully oxidized and therefore are inferred to be Y2O3 , ZrO2 , HfO2 , 
La2O3 , or CeO2 . As reactive elements have a very high affinity to oxygen, the oxida-
tion occurred during the sputtering process and arc-melting.

Effect of Different Cr‑based Material Purities on Oxidation Behavior

To investigate the influence of impurities in the base material, pure Cr and Cr–Y 
alloys made of two different commercially available Cr materials, but produced 
under the same conditions, were oxidized using the TGA setup. For the pure mate-
rial, no significant influence of the material purity was found on the total mass 
gain (see Fig.  2). Both showed a nearly identical mass gain after 50  h at 1050◦C 
in synthetic air which is 8.01 mg

cm2
 for 99.95 wt.% Cr and 8.34 mg

cm2
 for 99.995 wt.% 

pure Cr. However, the slope of each plot and therefore their oxidation characteris-
tics differ to some extend. Looking at the cross sections of the samples after oxida-
tion (Fig. 3) Cr2N layers with characteristic Cr stripes [45] are found at the surface. 
The Cr2N was also confirmed by XRD (not shown here). The average nitridation 
depth is 65 ± 6 μm and 88 ± 14 μm for the 99.95 wt% Cr and the 99.995 wt% Cr, 

highCr matrix

HfO2

ow

Fig. 1   BSE image (left) and corresponding EPMA element maps of Cr, Hf, and O of the Cr–0.2 Hf alloy 
[wt.%]
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respectively. Concerning the oxide layer which usually forms on Cr and its alloys, 
both pure samples showed complete oxide scale spallation after cooling and sample 
preparation (Fig. 3).

For both Cr types, the addition of 0.2 wt.% Y led to lower mass gains per sur-
face area, a remaining Cr2O3 oxide scale (also proven by XRD which is not shown 
here) after the TGA measurement, and a thinner layer of Cr2N below the oxide scale 
(both also shown in Figs.  2,  3). For the higher-purity sample, the effect is more 
pronounced compared to the lower-purity sample. The tendency for gap formation 
between metal and oxide scale was investigated by determining the percentage of 
the areas which are directly in contact with the oxide. For the 99.95 wt% Cr alloy, it 
is 22 ± 12% ; for the 99.995 wt% Cr alloy, it is 96 ± 1%.

Considering the TGA measurements, both alloys containing Y do not show any 
rapid mass changes (perturbations). Another difference between the two Cr–Y sam-
ples is that the oxide scale of the lower-purity alloy (Cr 99.95  wt.%–Y) is partly 
detached from the surface, while the oxide scale found on the high-purity sample 
remains attached to the sample over the whole surface. In addition and notewor-
thy, the 99.995 wt.% Cr–Y sample showed no Cr2N formation below the oxide scale 
after an oxidation of 50 h at 1050 ◦C in synthetic air.

Oxidation Kinetics of OD Cr Alloys Containing 0.2 wt.% RE

The resulting TGA curves measured at 1050 ◦C in synthetic air are shown for the 
RE-doped samples and the pure chromium sample (99.95 wt.% Cr) in Fig. 4. All 
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Fig. 2   Thermogravimetric measurements showing the mass change per surface area for pure Cr and 
Cr–0.2 Y samples with different purities. Oxidation is carried out for 50 h at 1050 ◦C
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tested reactive element additions led to a lower mass change per surface area after 
50  h of oxidation compared to the pure chromium sample. Y and Zr showed the 
highest impact on the mass change. Alloying with Y suppressed rapid mass gain and 
discontinuities in the mass gain characteristics, while the addition of Zr led to an 
even lower mass gain in the beginning of the oxidation experiment. However, after 
around 36 h and 40 h, Cr–0.2 Zr showed rapid mass gains and the mass gain rate 
accelerates.

In Fig.  5, the cross sections of the samples after oxidation are shown except 
for the Cr–0.2 Y alloy, which was already shown in Fig. 3 together with the pure 
99.95 wt.% Cr.

In contrast to pure Cr, the oxide layer of the Y-alloyed sample remained attached 
to the substrate even though both samples experienced the same cooling rates. On 
Cr–0.2 Zr and Cr–0.2 Hf, only parts of the scale were attached to the substrate, 
while the oxide scales formed on Cr–0.2 La and Cr–0.2 Ce spalled completely after 
oxidation. This spallation happened during cooling as no indication for spallation 
(perturbation) was observed in the TGA plots.

Cr2N

Cr

(a) 99.95 wt.% Cr

Cr2N
Cr2O3

Cr
Y2O3

(b) 99.95 wt.% Cr-Y alloy

Cr2N

Cr
(c) 99.995 wt.% Cr

Cr
Y2O3

Cr2O3

(d) 99.995 wt.% Cr-Y

Fig. 3   Cross section of pure Cr samples and Cr–0.2 Y samples with different purities after oxidation for 
50 h at 1050 ◦C in synthetic air
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For a more detailed investigation of the effect of Zr at shorter oxidation times, cross 
sections of Cr–0.2 Zr alloy after 20 h oxidation (same conditions) are shown in Fig. 6. 
Figure 6a shows the typical appearance of the surface area. No Cr2N has formed below 
the oxide scale. However, locally in the presence of cracks in the oxide scale a thin 
nitride layer has formed (compare Fig. 6b). As no rapid mass gain occurred during the 
20-h exposure (TGA plot not shown here), during the cooling, the formation of Cr2N 
is assumed to take place during the cooling process after exposure. The percentage of 
the substrate surface which is directly in contact with the oxide was determined for both 
Cr–0.2 Zr samples and is 10 ± 8% for the sample oxidized for 20 h and 19 ± 2% for the 
sample oxidized for 50 h.

Thickness measurements of the Cr2N layer and the attached oxide scales are dis-
played in Fig.  7. The oxide layer shows oxide thicknesses in the range of around 
7–12 μm . The thickness of the nitride layer decreases with RE addition except in the 
case of Ce alloying. Both scale thicknesses follow the trend of the mass gain values 
of the TGA measurements. The results show that an attached oxide scale leads to a 
thinner Cr2N layer, and a thinner Cr2O3 scale corresponds to a thinner nitride layer.

To rank the oxidation resistance of the alloys and to analyze the oxidation kinet-
ics, the TGA characteristics are fitted using Eq. 1 [20]:

where kp is the parabolic rate constant and kv is the volatilization rate constant. kp 
includes all mass gains due to Cr2O3 formation as well as due to Cr2N formation as 

(1)
�m

A
= (kp × t)0.5 − kv × t

0 10 20 30 40 50
0

1

2

3

4

5

6

7

8

9

Cr - 0.2 Zr

Cr - 0.2 Y

Cr - 0.2 Hf

Cr - 0.2 La

Cr - 0.2 Ce

m
as

s
ch

an
ge

/s
ur

fa
ce

ar
ea

[m
g/

cm
²]

time [h]

1050°C; syn. air Cr

Fig. 4   Mass change per surface area over time of the different Cr–RE alloys compared to the pure Cr 
sample (purity 99.95 wt.%). The addition of all reactive elements leads to decrease in mass gain during 
oxidation and therefore to an improvement of oxidation resistance
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Cr matrix

ZrO2

Cr2N

Cr2O3

(a) Cr - 0.2 Zr alloy.

Cr matrix

La2O3

Cr2N

Cr2O3

(b) Cr - 0.2 La alloy

Cr matrix

HfO2

Cr2O3

Ni plating

Cr2N

(c) Cr - 0.2 Hf alloy

Cr2O3

Cr2N

Cr matrix

CeO2

(d) Cr - 0.2 Ce alloy

Fig. 5   BSE images of the surface area of the alloyed samples after oxidation for 50 h at 1050 ◦C in syn-
thetic air using TGA​

Fig. 6   BSE images with higher magnification of the surface area of the Cr–0.2 Zr alloy after oxidation 
for 20 h at 1050 ◦C in synthetic air. a is an example for the majority appearance of the surface area while 
in b a certain spot is shown where Cr

2
N has already formed. Its formation is assumed to happen during 

the cooling of the sample
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both itself are parabolic [47, 48] as well as the oxidation of Cr2N resulting in Cr2O3 
formation [10]. kv covers all effects of formed volatile species such as Cr and CrO3 
which cause a linear mass loss over time [3, 49]. This formula differs from the com-
monly known parabolic oxide growth because for chromium the parabolic rate law 
can only be applied for temperatures up to the range of 800–900 ◦C in dry air [11, 
50]. For fitting the Cr–0.2 Zr kinetics, only the time up to the first discontinuity 
(around 36  h) is taken into account. The reason for such discontinuities are local 
scale failures [45, 51], which cannot be taken into account using this fit.

The calculated fit values and the corresponding R2 values are listed in Table 1.
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Fig. 7   Illustration of the average oxide and nitride layer thickness and the corresponding standard devia-
tion. The alloys are sorted according to decreasing mass gain per surface area during TGA experiments

Table 1   Analysis of the 
growth kinetic of the different 
RE-alloyed samples with respect 
to Eq. 1

The purity of the used Cr is > 99.95wt.% in all cases

Sample k
p
∕10−10g2cm−4s−1 k

v
∕10−8gcm−2s−1 R

2-value

Cr 6.50 ± 0.03 1.58 ± 0.02 0.97
Cr–0.2 Ce 3.30 ± 0.04 0.54 ± 0.03 0.99
Cr–0.2 La 3.74 ± 0.04 0.88 ± 0.03 0.99
Cr–0.2 Hf 2.91 ± 0.04 0.98 ± 0.03 0.99
Cr–0.2 Y 1.18 ± 0.01 0.75 ± 0.01 1
Cr–0.2 Zr 0.28 E-3 ±0.13 E-3 − 0.36 ± 0.01 0.94
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Oxidation Resistance of the Hf‑Based Sputtered Coating

Due to the small thickness of the sputtered layer, it could not be investigated in 
detail (layer thickness, morphology) by the used analyzing techniques. However, 
XRD measurements done on a sample with a thicker Hf sputter coating (sputtered 
for 30 min, not shown here) demonstrated the deposition of Hf. A thin Hf layer 
in the dimensions of  nm is expected to be oxidized as soon as it is exposed to air 
due to the high HfO2 stability. As no coating thickness could be determined, the 
sputter time is given instead of an actual layer thickness. However, the effect of 
the sputter layer deposition is obvious by looking at the sample surfaces after oxi-
dation for 50 h at 1050 ◦C in synthetic air (see Fig. 8). Increasing the Hf sputter 
time and thereby increasing the sputter layer thickness improves the attachment 
of the oxide scale after oxidation. The different sides are named as following: S1 
indicates the shortest sputter time and therefore the thinnest Hf sputter layer, S2, 
is the medium, and on S3 Hf was sputtered longest.

(a) pure Cr (b) 6 s Hf sputtering (S1)

(c) 12 s Hf sputtering (S2) (d) 18 s Hf sputtering (S3)

Fig. 8   Optical micrographs of pure chromium (a) and chromium coated with Hf sputter layers (b–d) 
after oxidation at 1050 ◦C for 50 h in synthetic air. The different sputter layer thicknesses are indicated by 
the respective sputter times of Hf
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The effect of the Hf coating on the Cr2N and Cr2O3 layer thicknesses is shown in 
Fig. 9, together with a BSE cross section of the longest sputtered side S3, indicating 
the formation of both layers.

Precursor Ceramic Layer and Oxidation Performance

The Cr sample coated with amorphous precursor-derived SiHfBCN coat-
ing is shown in Fig.  10a. The ceramic coating has the chemical composition 
SiHf0.1B0.18C0.72N0.89O0.1 and a thickness of ca. 1.3 μm . No Cr is found in the area of 
coating layer with respect to EPMA point measurements (not shown here) and the 
EPMA Cr element map in Fig. 10a. This indicates that there is no extensive interdif-
fusion between the Cr substrate and the SiHfBCNO layer during the ceramization of 
the preceramic polymer. Using the described process parameters, a homogeneous, 
attached, and dense coating is formed on Cr substrate except for the sample edges 
due to the process setup. However, these edges are not taken into account in the 
following.

After the oxidation of the SiHfBCN-coated sample at 1050 ◦C for 50 h, still an 
adherent scale exists on the substrate. The EPMA results indicate that the precursor-
derived ceramic layer is sandwiched by two layers which seem to consist mainly 
of chromia. According to the XRD pattern of the oxidized sample (Fig.  10c), the 
coating consists of monoclinic hafnia and small amounts of SiO2 cristobalite as 
crystalline phases together with Cr2O3 eskolaite. With respect to former studies on 
monolithic SiHfBCN, the scale formed after oxidation can be described as consist-
ing of hafnia nanoparticles dispersed in a glassy borosilicate matrix [52]. Interest-
ingly, N can only be detected locally in the sample subsurface demonstrating a high 
resistance of the coated sample to Cr2N formation. This can be correlated to a very 
low diffusivity of species through the precursor-derived ceramic coating. Recently, 
it was shown that the diffusivity values of Si, Hf, and C in Si(Hf)OC are around 
10−21

m2

s
 , 10−21 m2

s
 , and 10−18 m2

s
 , respectively [53–55] at 1300 ◦C indicating that this 
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type of material may be suitable as barrier coating against oxidation at high tem-
peratures [52, 56, 57].

Discussion

Effect of Base Material Purity on Oxidation Performance

In the literature, it is found that impurities play a major role in Cr-based alloys, 
affecting the mechanical properties as well as oxidation behavior [5, 58, 59]. This is 
the reason for the comparison of two different chromium materials, pure and alloyed 
with 0.2 wt.% Y, with different purities. As it is assumed that the concentration of 
impurities such as N, O, C, and probably H is increased during arc melting, also the 
pure Cr alloys were fabricated using arc melting.

The results show no significant influence of the materials purity on the TGA 
curve without a RE addition. The average nitridation depth in both cases is higher 
than 60 μm and the oxide scale spalled off after oxidation for both chromium sam-
ples. This is different for the Y-alloyed samples. The alloys containing 0.2 wt.% Y 
indeed showed a drastic decrease in mass gain per surface area. However, the influ-
ence of RE is much higher for the Cr sample compared to the lower-purity alloy. 
The oxide scale of 99.995 wt.% Cr–Y is completely adherent to the sample, while 
the oxide scale of the 99.95 wt.% Cr–Y sample shows wrinkling and gap formation 
between sample surface and oxide scale. As described by Whittle and Stringer [26], 
the bonding between metal and oxide scale can be weakened due to the influence of 
impurities that segregate at the metal/oxide interface and promote void formation or 
decrease the chemical bonding. The reactive elements prevent the impurities from 
segregating to the interface by interacting with them and forming stable compounds 
so that void formation is inhibited and the interface stays strong. The only difference 
between both alloys is the different concentration of impurities. O, N, Na, C, and 
especially S are generally considered as elements influencing scale adhesion per-
formance of Al2O3 scales in particular [22, 23]; however, little knowledge about the 
effect on Cr2O3 is available. The most popular mechanism is the “sulfur effect” [26]. 
The hypothesis to start from is that the metal/scale interface is intrinsically strong. 
Indigenous sulfur and other impurities present in metals and alloys can segregate to 
the metal/scale interface during oxidation. This segregation seems to promote inter-
facial void formation but can also weaken the chemical bonding between oxide and 
scale [22]. This segregation is inhibited by RE additions [21] leading to a stronger 
scale/substrate adhesion; however, these effects seem to be less important for Cr2O3 
scales [60]. Both Cr-based materials were highly different in their C, N, S, and O 
contents which means that the concentrations of C, S, and O are much higher in the 
Cr 99.95 wt.% material compared to the Cr 99.995 wt.% material (the amount of S 
in Cr 99.95 wt.% is at least three times, O and C at least twice).

As 99.995  wt.% Cr has a lower concentration of impurities, less Y might be 
necessary to getter the impurities and avoid interface segregation. In other words, 
the fraction of impurities gettered by Y might be higher for the high-purity alloy 
than for the lower-purity alloy [22]. This leads to an adherent oxide scale which 
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is not negatively influenced by void or gap formation, while for the lower purity 
Cr–0.2 wt.% alloy, the amount of Y is not sufficient to completely avoid segregation 
of impurities to the interface and void formation so that the oxide scale loses contact 
to the metal surface at some points. To verify, alloys fabricated with varying Y con-
centration to impurity ratio would be interesting to investigate in future.

Investigation of Oxidation Kinetics

As seen in Table 1, mass gain as well as mass loss during oxidation experiment are 
decreased by alloying Cr with reactive elements. Y and Zr seem to act superior; 
however, Ce which was expected to highly improve the oxidation resistance [41] 
shows less promising results. The reason might be the different application of RE 
in [41], as Cr was coated with several RE oxides. Interestingly, Y seems to be not 
affected by this difference. As summarized in several reviews, the decrease in the 
parabolic oxidation rate by RE addition has often been reported for Cr2O3 formers 
[22, 23, 26]. With respect to pure Cr, the simultaneous decrease in evaporation rate 
of volatile species formed during oxidation is very interesting. The change in oxide 
growth mechanism from cation outward diffusion dominated scale growth to oxygen 
inward dominated scale growth by RE addition is one of the most common postula-
tions [23]. Thereby the oxide morphology is also changed [61] which could have an 
effect on the formation of volatile species resulting in a decreased kv . The reason 
is mostly assumed to be RE segregation at Cr2O3 oxide grain boundaries [29, 35, 
62, 63]. However, to detect the RE at their low amounts requires advanced imaging 
techniques.

Investigating all alloyed samples, all except Cr–0.2 wt.% Zr showed paralinear 
mass gain characteristics and kp as well as kv are decreased by RE addition. Cr–0.2 
wt.% Zr seems to have other oxidation kinetics compared to the other reactive ele-
ment alloys at least before the first rapid masschange at around 36 h. Instead of a 
linear mass loss, linear mass gain is found in addition to parabolic mass gain. It 
has to be mentioned that this type of fitting is only a technical fitting and kp and 
kv cannot directly be compared to the physical meaning of these constants as in 
Cr and Cr-based alloys several species are formed leading to mass gain as well as 
mass loss. However, the values give a trend showing that the mass gain character-
istic changes for Cr–0.2 Zr alloy to linear. In Fig.  6, additional cross sections of 
an oxidized Cr–0.2 Zr alloy after 20 h are shown. It is found that nearly no Cr2N 
has formed below a close, highly wrinkled, and detached Cr2O3 scale which indi-
cates that the measured mass gain is only related to Cr2O3 formation. As the scale 
has wrinkled and detached, the surface area has highly increased during oxidation 
resulting in a linear mass gain term. Volatile species most probably form, but their 
effect on the mass gain characteristic seems to be much lower compared to the linear 
high increase.

All reactive elements except Zr prevent rapid mass change discontinuities at least 
for 50 h at 1050 ◦C . These perturbations are well known from Cr2O3 formed on pure 
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Cr. They are mainly attributed to Cr2N formation due to local oxide scale failure 
[68].

For pure Cr, an atomic size effect could not be seen in this study. Even though 
a close atomic percentage of alloying elements is added to Cr–0.2 Hf, Cr–0.2 Ce, 
and Cr–0.2 La as well as for Cr–0.2 Y and Cr–0.2 Zr no comparable correlation as 
shown by Pint [22] was found. This might be attributed to the fact that the investi-
gated alloy Ni-25 wt.% Cr solely forms an oxide scale while on Cr–0.2 wt.% RE 
alloys the weight gain during oxidation is caused by Cr2O3 and Cr2N formation.

Influence of Reactive Element Addition on the Cr
2
O
3
∕Cr Interface

A very important factor to mention is that the change in oxide scale growth behav-
ior and especially oxidation rate also influences the attachment of the oxide scale. 
It is well known that the oxide thickness plays a major role as thicker oxide scales 
tend to spallation. Hence, a decrease in growth rate by for example the hindrance of 
Cr cation and O anion grain boundary diffusion upon RE segregation to the grain 
boundaries in the scale [22, 29, 36, 65–67] highly reduces the probability of oxide 
spallation or detachment. This is also demonstrated in this study, since a decrease 
in oxide scale thickness of Hf-sputtered samples (see Fig. 9a) leads to a decrease in 
oxide scale spallation (Fig. 8).

Comparing both Cr–Y alloys with different Cr purities, the oxide scales highly 
differ (see Fig. 3). Linking oxide scale appearance and kinetic investigations, it is 
found that a lower overall mass gain after exposure, which means an improved oxi-
dation and especially nitridation resistance, goes along with a continuous connec-
tion between substrate and scale. This in turn highly depends on the purity of the 
material. However, for the Cr–0.2% Zr alloy it is the other way round: After 20 h of 
oxidation, the oxide scale is only loosely bound to the substrate (surface area of a 
direct Cr∕Cr2O3 contact is 10 ± 8% ) but no nitridation occurred. As wrinkling and 
detachment are signs for high induced stresses in the oxide scale during growth, the 
scale seems to have a high level of internal stress. After 50 h, an increased scale 
attachment is found but also increased nitridation of the substrate. The increase in 
surface attachment seems to contradict findings of Li and Hou [61] who claimed that 
the size of voids which form at the Cr2O3∕Cr interface and thereby the detachment 
of the scale increases with increasing oxidation time. Considering the perturbations 
in the TGA plots, heavy scale spallation occurred between 20 and 50 h leading to 
regrowth of the oxide scale. This in turn is the reason for the increase in connec-
tions between oxide scale and substrate with longer oxidation times. Therefore, the 
results do not exclude the growing of interfacial voids as in this case only an intact 
oxide scale has to be considered. The large mass gain discontinuities observed using 
TGA are abrupt and refer to a high substrate surface area which is spontaneously 
exposed to air. This is only possible if the scale was already detached or only loosely 
and locally attached to the substrate surface before local destruction or spallation. 
Thereby, air can access the gap between substrate surface and oxide scale. Cr2O3 and 
Cr2N are formed simultaneously on a rather large area leading to a high spontaneous 
mass gain. To investigate the reason for the difference in oxidation and spallation 
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behavior of Cr–0.2 Zr and the other RE-alloyed samples, diffusion experiments 
are suggested as starting point. Thereby it can be investigated if the oxide growth 
kinetics are changed by RE doping and if this results in a change in gap formation 
between Cr2O3 and the substrate.

The Role of Nitridation

Figure 6 shows that Cr2N formation is related to the appearance of the Cr2O3 scale. 
In the case of cracks, nitrogen can penetrate the oxide scale and form nitrides. Based 
on these results and the molecular nitrogen transport model [68], it is assumed that 
an intact oxide scale is able to prevent the substrate from nitridation. This is in 
accordance with recent studies by Dorcheh et al. [48] who claimed that a close and 
adherent oxide scale is a barrier for nitridation. The formation of cracks in turn is 
affected by stresses in the oxide scale. Increased stresses occur for example during 
cooling but are also related to the oxide scale morphology and growth direction.

Additionally, nitridation also depends on the scale/metal interface appearance. 
An intact Cr2O3∕Cr interface precludes nitridation which is shown by the oxida-
tion of 99.995 wt.% Cr–0.2 Y (compare Fig. 3d) and of the precursor coated and 
oxidized sample (see Fig. 10b). Another evidence for the interaction of oxide scale 
and nitridation is found with regard to the Hf-sputtered samples. The Cr samples 
sputtered with Hf S1 and S3 both show thinner nitride layers in comparison with S2. 
In comparison with S1, the reason is that no attached oxide scale was found on the 
substrate after oxidation. This oxide scale spalled off either during oxidation or dur-
ing cooling or both in combination. Anyway, a weak Cr2O3∕Cr bonding is assumed 
leading to nitridation of the base metal. It is important to note that Cr2N is not stable 
in air [48] and its oxidation rate was found to be comparable to that of pure chro-
mium at 1000 ◦C [10]. Hence, the Cr2N thickness decreased due to oxide formation 
which spalled off again. By increasing the Hf concentration at the substrate surface, 
the oxide becomes more protective which is also demonstrated by the remaining 
oxide scale after the exposure. Less Cr2N is oxidized and a thick nitride layer is 
observed for S2. A thicker Hf sputter layer further decreases the permeability of 
the oxide scale for N in air resulting in a thinner nitride scale below an adherent 
oxide scale. A thinner Cr2N scale thickness and therefore lower nitrogen uptake goes 
along with a decrease in oxide thickness which is also found for the alloyed systems 
(compare Fig. 7). Thickening the Hf sputter layer seems to improve the oxidation 
resistance; however, it is well known that adding RE over a critical content results 
again in a decrease of oxidation resistance [22, 69]. Further investigations should 
deal with the threshold for RE overdoping in the Cr-based system.

All Cr–RE alloys showed nitride formation but only alloying with Zr led to rapid 
mass changes indicating nitridation. The mechanism is assumed to be the following: 
As the partial pressure of Cr at 1050 ◦C is already high, gaseous Cr is believed to 
be present below the scale [64]. In the case of scale failure, its oxidation can close 
the scale again; however, the remaining nitrogen below the scale forms Cr2N which 
is stable at a low oxygen partial pressure [3]. As synthetic air consists of around 
80% N2 and only 20% O2 the huge mass gain caused by local scale failure and visible 
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as discontinuities in the TGA curves is assigned to Cr2N formation. The mass gain 
in turn is proportional to the volume of synthetic air below the oxide scale; hence, it 
also depends on gap formation. However, in the case of continuous mass gain during 
TGA accompanied by nitride formation as it is observed for OD alloys except Zr, 
a constant supply of N to the Cr metal has to be present. This is most probable due 
to numerous and continuously distributed oxide scale failures (compare Fig. 5), but 
also other mechanisms such as N diffusion via oxide grain boundaries in the way it 
is proposed for C penetration through oxide scales [70] cannot be ruled out.

Comparison of Alloying and Coating of Reactive Elements or SiHfBCN

The precursor ceramic samples represent a special case regarding the reactive ele-
ment effect. Hf is present in the precursor layer in a quite high concentration of 
around 2.5 at% Hf. After SiHfBCN deposition process, the sample shows no inter-
action with the coating; however, after oxidation the formed scale differs from the 
scale formed on the precursor ceramic itself at 1200–1400 ◦C [43]. The main differ-
ence is the formation of Cr2O3 in this study. Hence, a reaction of the coating with 
the underlying material occurs during oxidation but no during coating deposition; 
however, the exact mechanism is not known yet. Comparable to [43] SiO2 (cristo-
balite) and monoclinic HfO2 also formed indicating an oxidation of the precursor 
layer. The formed scale shows good attachment to the substrate which in turn shows 
highly decreased nitridation attack. The reasons for this could be related to the reac-
tive element effect of Hf but also to the development of a duplex oxide scale ( Cr2O3 
and oxidized precursor) which seems to be a promising approach for improvement 
of oxidation resistance of Cr-based alloys [71]. In addition, Hou and Stringer stated 
that the most effective RE coatings are those which are the densest and most con-
tinuous [72]. The SiHfBCN itself is continuous and dense after deposition, which is 
considered to have a positive effect on the oxidation resistance of the coated sample. 
As the elements B, C, and N have low concentrations and cannot be detected in 
the ceramic layer using EPMA; their influence on the adhesion of the scale cannot 
be determined. For the investigation of the precursor ceramic development during 
oxidation and its lifetime, further oxidation experiments with longer oxidation times 
and cyclic temperature changes should be conducted in future.

By comparing Cr–0.2 wt.% Hf (see Fig. 5c), the Hf-sputtered sample (see Fig. 9b) 
with the SiHfBCN-coated Cr sample (see Fig. 10b), it is found that on the alloyed 
sample both thickest oxide as well as nitride layer have formed after oxidation. Both 
coating systems differ in the amount of Hf, with the sputtered Hf sputter coating 
having an overall lower concentration compared to the SiHfBCN coating. On the 
precursor ceramic-coated sample, a thicker oxide scale has formed compared to the 
Hf-sputtered sample; however, no nitride formed below. This can be attributed to the 
barrier effect of the coating and increase in REE due to a higher Hf concentration 
at the surface. The dominant effect can be investigated in future by increasing the 
Hf sputter coating thickness to further enhance the oxidation and especially nitrida-
tion resistance. In the case of Hf, a direct deposition at the surface seems to offer 
a higher oxidation resistance, decreased spallation, and a lower nitrogen uptake. A 



300	 Oxidation of Metals (2019) 92:281–302

1 3

better oxidation performance of coated samples in comparison with alloyed samples 
is also in agreement with other studies [27, 72, 73]. However, further experiments 
with respect to the influence of concentration deviations of Hf on alloys as well as 
coatings should be carried out.

Conclusions

This study showed that the well-known positive effect of RE on the oxidation kinet-
ics and the scale adhesion can also be applied to pure Cr. Oxidation for 50  h at 
1050 ◦C in synthetic air proved high differences between alloying with different RE 
as well as between different RE supplies such as coatings or alloying. The main con-
clusions drawn from this are:

–	 RE alloying decreases the mass gain of Cr during oxidation. Assuming para-
linear kinetics, RE addition not only affects the parabolic rate constant but also 
decreases the linear mass loss.

–	 A high percentage of mass gain during oxidation arises by Cr2N formation which 
can be highly reduced by optimized (element and amount) additions of RE.

–	 Again, it is shown that the impurity content (percentage and elements) is critical 
for Cr-based systems. Proper RE additions might play a key issue in impurity 
gettering and thereby improving the oxidation resistance of systems with lower 
impurities.

–	 In the case of Hf, the coating systems seem to have a higher influence on the 
improvement of the oxidation resistance of Cr as compared to that of the samples 
prepared upon alloying.

–	 The precursor ceramic coating has a high potential for applying it in high-tem-
perature applications as apart from SiO2 it also contains the reactive element Hf.
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