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Abstract

A 7ZrSi2-NbSi2 composite coating was prepared on the surface of a novel Nb-
Ti-Si-Cr based ultra-high temperature alloy by magnetron sputtering a Zr film
followed by Si-Y co-diffusion. The microstructure and formation mechanism of
the coating were analyzed, and its isothermal oxidation behavior at 1250°C was
investigated. The results show that coatings prepared by Si-Y co-diffusion for 4
h at 1150, 1250, and 1350°C exhibit similar microstructures, all primarily com-
posed of a ZrSi2 outer layer, a (Nb, X)Si2 (X=Ti, Cr, Zr, and Hf) intermediate
layer, and a (Ti, Nb)5Si4 inner layer. Isothermal oxidation test results demon-
strate that the prepared coating possesses excellent high-temperature oxidation
resistance. During oxidation, a dense oxide film consisting of a mixture of Si02,
TiO2, ZrSiO4, and Cr203 formed on the coating surface, which can protect the
substrate alloy from oxidation for at least 100 h in air at 1250°C.
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Abstract

ZrSiy-NbSi, composite coatings were prepared on a novel Nb-Ti-Si-Cr based
ultrahigh temperature alloy by magnetron sputtering a Zr film followed by Si-Y
co-diffusion. The microstructure and formation mechanism of the coatings were
analyzed, and their isothermal oxidation behavior at 1250 °C was investigated.
The results show that coatings prepared at 1150, 1250, and 1350 °C for 4 h by
Si-Y co-diffusion exhibit similar microstructures, consisting mainly of a ZrSi,
outer layer, a (Nb, X)Si, (X = Ti, Cr, Zr, and Hf) intermediate layer, and a (Ti,
Nb);Si, inner layer. Isothermal oxidation tests demonstrate that the prepared
coatings possess excellent high-temperature oxidation resistance. During oxida-
tion, a dense oxide scale composed of SiO,, TiO,, ZrSiO,, and Cr,O5 formed
on the coating surface, which protected the substrate alloy from oxidation in air
at 1250 °C for at least 100 h.

Keywords
Nb-Ti-Si-Cr based ultrahigh temperature alloy, ZrSi,-NbSi, composite coating,
structural formation, oxidation-resistant performance

Chinese Library Classification TG174.44
Document Code A
Article ID 0412-1961(2015)06-0693-08

MICROSTRUCTURE AND OXIDATION BEHAVIOR OF ZrSi,-
NbSi, MULTILAYER COATINGS ON AN Nb-Ti-Si-CR BASE
ULTRAHIGH TEMPERATURE ALLOY

LI Xuan, GUO Xiping, QIAO Yangiang

State Key Laboratory of Solidification Processing, Northwestern Polytechnical
University, Xi’an 710072

Correspondent: ~GUO Xiping, professor, Tel: (029)88494873, E-mail:
xpguo@nwpu.edu.cn

Supported by National Natural Science Foundation of China (Nos.51371145,
51431003 and U1435201), Programme of Introducing Talents of Discipline to
Universities of China (No.B080401) and Fund of State Key Laboratory of Solid-
ification Processing in NWPU (No.116-QP-2014)

Manuscript received 2014-09-09, in revised form 2015-04-07

ABSTRACT

The rather poor oxidation resistance of Nb-Si base ultrahigh temperature alloys
has seriously limited their practical applications at high temperatures. Niobium
disilicide coatings, especially those modified by reactive elements (RE) such as
Zr and Y, have been shown to possess good anti-oxidation properties at high
temperatures due to the formation of a protective RE-containing SiO, scale.
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Halide activated pack cementation (HAPC) is one of the most widely used tech-
niques for preparing protective coatings on Nb-Si base ultrahigh temperature
alloys, because compact coatings and metallurgical substrate/coating bonds can
be obtained with using this technique. However, only a very limited amount of
Zr and Y can be diffused into the coatings by a single co-deposition pack cemen-
tation process as a result of their large atomic radii and high melting points.
To solve this problem, a method such as magnetron sputtering, which can be
used for producing overlay coatings with different composition ratios of coating
elements, seems to be feasible. In the present study, ZrSi,-NbSi, multilayer
coatings were prepared on an Nb-Ti-Si-Cr base ultrahigh temperature alloy by
first magnetron sputtering 2 m thick Zr-film, and then Si-Y co-deposition at
respectively 1150, 1250 and 1350 °C by HAPC process. The structures and for-
mation processes, as well as the static oxidation behavior of the coatings were
investigated. The results show that the coating prepared at respectively 1150,
1250 and 1350 °C had similar structures, consisting of a ZrSi, outer layer, a
(Nb, X)Siy (X=Ti, Cr, Zr and Hf) middle layer and a (Ti, Nb);Si, inner layer.
However, the higher co-deposition temperature (1350 °C) could cause cracks at
the interfaces between the constituent layers of the coatings. The formation of
the coating was dominated by inward diffusion of Si, accompanied with a cer-
tain degree of outward diffusion of Nb, Ti and Cr from the base alloy during the
second Si-Y co-deposition process. The oxidation tests demonstrated that the
ZrSiy-NbSi, multilayer coating possessed excellent oxidation resistance. After
oxidation, a dense scale consisting of SiO,, TiO,, ZrSiO, and Cr,0O4 formed on
the coating, which can protect the base alloy from oxidation at least for 100 h
at 1250 °C in air.

KEY WORDS
Nb-Ti-Si-Cr base ultrahigh temperature alloy, ZrSi,-NbSi, multilayer coating,
structural formation, oxidation-resistant performance

Nb-Si based ultrahigh temperature alloys exhibit great application potential
due to their high melting points, low density, and excellent high-temperature
strength. However, their poor high-temperature oxidation resistance has seri-
ously limited their practical application as high-temperature structural mate-
rials [1,2]. Although multi-element alloying can effectively improve oxidation
resistance, this approach has limitations: the addition of large amounts of al-
loying elements degrades the comprehensive properties of the alloy, such as
high-temperature strength and melting point [3,4]. In addition to alloying, sur-
face coating technology is another effective method to improve the oxidation
resistance of Nb-Si based alloys. Unlike alloying, surface coating technology
improves oxidation resistance with minimal impact on mechanical properties,
representing an effective means to promote the practical application of Nb-Si
based multicomponent ultrahigh temperature alloys [5~8].

Among protective coatings for Nb-Si based alloys, NbSi, coatings have attracted
extensive attention due to their low density, high melting point, and good ther-
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mal stability. However, pure NbSi, coatings cannot meet the requirements
for long-term service of Nb-Si based alloys in high-temperature oxidizing en-
vironments [6,9]. Previous studies [6,10~12] have shown that the main causes
of failure in pure NbSi, coatings can be summarized as: (1) NbSi, coatings
are prone to cracking due to their intrinsic brittleness, providing convenient
pathways for inward diffusion of oxygen; (2) the mismatch in thermal expan-
sion coeflicients between SiO, formed during oxidation and the coating leads to
scale spalling during cooling; and (3) consumption of Si in the coating during
prolonged oxidation (through outward diffusion to the air/scale interface and
inward diffusion to the substrate alloy) results in Si depletion in the residual
coating, which cannot sustain the formation of a dense SiO, protective scale.
In response to these failure mechanisms, researchers worldwide have conducted
extensive work aimed at improving the toughness of NbSi, coatings, reducing
stress in the oxide scale/coating system, and retarding Si consumption, achiev-
ing good progress [8,13,14].

Current research focuses on adding modifying elements to the coatings, partic-
ularly reactive elements such as Zr and Y, to improve the structure of both the
coating and the oxide scale through the reactive element effect [15~17]. Tian
and Guo [16] prepared Y-modified silicide coatings and found that Y present in
Si04 could effectively suppress outward diffusion of Cr, significantly improving
high-temperature oxidation resistance compared with simple siliconized coat-
ings. Hong et al. [17] investigated the effect of Zr on the cyclic oxidation resis-
tance of Pt-modified aluminide coatings, demonstrating that Zr addition created
a pinning effect at the oxide scale/coating interface, significantly increasing scale
adhesion and thereby effectively improving cyclic oxidation resistance.

Pack cementation is an in-situ chemical vapor deposition technique offering
flexibility, low production cost, and good repeatability. Moreover, coatings pre-
pared by this method exhibit strong bonding with the substrate alloy, making
it suitable for preparing protective coatings on Nb-Si based ultrahigh tempera-
ture alloys [14~16,18]. However, due to the large atomic radii and high melting
points of Zr and Y, their diffusion into the coating layer is difficult. Conse-
quently, Si-Zr-Y co-diffusion produces coatings with low Zr and Y contents,
with these elements mainly distributed in the coating surface region [19]. Mag-
netron sputtering, on the other hand, can effectively deposit elements with large
atomic radii on alloy surfaces [20].

In this work, by combining the characteristics of magnetron sputtering and
pack cementation, ZrSi,-NbSi, composite coatings with dense microstructure,
high Zr content, strong substrate bonding, and excellent high-temperature ox-
idation resistance were prepared on Nb-Ti-Si-Cr based ultrahigh temperature
alloys through a process of magnetron sputtering a Zr film followed by Si-Y co-
diffusion, providing support for the future application of Nb-Si based ultrahigh
temperature alloys.
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The Nb-Ti-Si-Cr based ultrahigh temperature alloy ingot used in this study
was prepared by vacuum arc melting, with a nominal composition (at.%) of
Nb-29Ti-8Si-11Cr-4Hf-3Al. Samples measuring 7 mm X 7 mm X 7 mm were
cut from the master ingot. All surfaces of the samples were ground with SiC
abrasive paper up to 1000 grit, ultrasonically cleaned in acetone for 10 min, and
then dried with cold air.

The preparation process for the Zr-Y modified silicide composite coating is
shown in [Figure 1: see original paper]. First, a Zr film was deposited using
a JGP-450 magnetron sputtering system to a thickness of 2 m. The specific
process parameters were: base vacuum 6.6$x107{-4}$ Pa, sputtering pressure
1.0 Pa, sputtering power 80 W, and target-to-substrate distance 6 cm.

Si-Y co-diffusion was performed in a self-designed high-temperature, high-
vacuum, controlled-atmosphere pack cementation furnace. The preparation
process was as follows: samples with deposited Zr films were embedded in a
crucible containing the pack mixture, which was then sealed and placed in
the furnace. The system was evacuated to 3.03x107{-2}$ Pa before heating,
and Ar was introduced for protection when the temperature reached 400 °C.
Based on previous research results from our group [7,14,16,19,21], the pack
mixture composition (wt.%) was selected as 10Si-3Y,05-5NaF-82A1,0,, with
a total mass of 50 g. The mixture was ball-milled for 4 h using a QM-1SP4-CL
planetary ball mill. The co-diffusion temperatures were 1150, 1250, and 1350
°C, with a holding time of 4 h.

Isothermal oxidation tests of the coated samples were conducted using a self-
developed isothermal oxidation furnace at 1250 °C in air for 100 h. The phase
composition of the coatings and oxide scales was determined using a Panalytical
X’Pert PRO X-ray diffractometer (XRD). The microstructure and morphology
of the coatings and oxide scales were observed using a Supra-55 scanning electron
microscope (SEM), and the local chemical composition was determined using
an INCA energy dispersive spectrometer (EDS).

2.1 Microstructure of ZrSi,-NbSi, Composite Coatings

[Figure 2: see original paper| shows cross-sectional SEM-BSE (backscattered
electron) images and elemental concentration profiles of the ZrSi,-NbSi, com-
posite coatings prepared by Si-Y co-diffusion at 1150, 1250, and 1350 °C for 4
h after magnetron sputtering a 2 m thick Zr film. The coatings prepared at
different co-diffusion temperatures exhibit similar three-layer structures, each
consisting of a gray-white outer layer approximately 5 m thick, a relatively
thick light-gray intermediate layer, and an inner layer approximately 8 m thick.
The cross-sectional EDS concentration profiles shown in [Figure 2: see original
paper|b, d, and f reveal similar elemental distribution characteristics in each
coating: the atomic ratio of Zr to Si in the gray-white outer layer satisfies Zr:Si

1:2. Combined with the XRD spectrum of the coating surface shown in [Figure
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3: see original paper] (since all coatings have similar structures and composition
distributions, only the XRD spectrum of the coating prepared at 1250 °C is pre-
sented) and the Zr-Si binary phase diagram [22], it can be concluded that the
outer layer of each coating consists mainly of ZrSi, phase. In the intermediate
layer of each coating, the atomic ratio of (Nb+X) to Si satisfies (Nb+X):Si 1:2
(X = Ti, Cr, Zr, and Hf), while the composition of the inner layer corresponds
to the (Ti, Nb);Si, phase formula. Combined with the XRD spectra of the
intermediate and inner layers shown in [Figure 3: see original paper] (the coat-
ing was ground from the surface to depths of approximately 20 and 67 m for
XRD analysis) and the Nb-Ti-Si phase diagram [23,24], the intermediate layer
is identified as primarily (Nb, X)Si,, and the inner layer mainly consists of (Ti,
Nb),Si, phase.

[Figure 2: see original paper] also shows that while increasing the co-diffusion
temperature does not significantly affect the coating structure, it leads to a sub-
stantial increase in coating thickness: as the co-diffusion temperature increases
from 1150 to 1350 °C, the coating thickness increases from approximately 65
nm to approximately 120 pm. Additionally, the coating prepared at 1350 °C
exhibits numerous cracks at the interfaces between the constituent layers, with
the ZrSi, outer layer showing obvious fragmentation.

presents the EDS analysis results at the interface between the ZrSi, outer layer
and the (Nb, X)Si, intermediate layer of the coating prepared at 1250 °C for
4 h. The results show that Nb and relatively high contents of Ti and Cr are
present in the ZrSi, outer layer (point 1 in [Figure 2: see original paper]c), while
high contents of Zr, Nb, Ti, and Cr are detected at the interface (point 2 in
[Figure 2: see original paper]c). Meanwhile, the Zr content in the (Nb, X)Si,
intermediate layer is approximately 1.1 at.% (point 3 in [Figure 2: see original
paper]c). These results indicate that outward diffusion of Nb, Ti, and Cr from
the substrate and inward diffusion of Zr occurred during the Si-Y co-diffusion
process. This interdiffusion creates elemental gradient distributions at the inter-
faces between coating layers and between the coating and substrate, which helps
reduce internal stresses within the coating and at the coating/substrate inter-
face, resulting in improved interfacial bonding strength and spallation resistance
[25].

2.2 Formation Mechanism of ZrSi,-NbSi, Composite Coatings

Pack cementation is essentially a chemical vapor deposition technique that forms
coatings through solid-state reactive diffusion of the diffusing elements into the
substrate alloy [18,26]. Therefore, coating formation is closely related to the dif-
fusion behavior of both the diffusing elements and the constituent elements of
the substrate alloy. To further investigate the interdiffusion behavior between
the Zr film and substrate alloy at high temperature, samples with a 2 m thick
magnetron-sputtered Zr film were subjected to interdiffusion treatment at 1250
°C for 4 h. [Figure 4: see original paper] shows the SEM-BSE image and ele-
mental concentration profiles across the Zr film/substrate alloy interface after
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interdiffusion. A distinct interdiffusion zone approximately 3 m thick formed
between the Zr film and substrate alloy, with high contents of Nb, Zr, Ti, and Cr
showing obvious gradient distributions along the cross-section. Relatively high
contents of Ti, Cr, and Nb were detected in the Zr film, but no Si was present. In
contrast, the Zr content in the substrate alloy was only about 1.2 at.%, mainly
confined to the surface region of the substrate. These results demonstrate that
coating formation is dominated by inward diffusion of Si, accompanied by a
certain degree of outward diffusion of Nb, Ti, and Cr from the substrate alloy,
while the diffusion rate of Zr in the substrate alloy is relatively slow.

The melting point T is an important parameter for diffusion activation energy
Q [27]. The melting point of Zr (2125 K) is much higher than that of Si (1685
K). According to the empirical relationship Q = 32T , the activation energy
required for Zr diffusion is much greater than that for Si, meaning the diffusion
coefficient of Zr is far smaller than that of Si [28,29]. The diffusion process
follows Fick’s first and second laws, and the average diffusion distance L of
atoms during diffusion is given by [27]:

L=CvVDt

where t is diffusion time, C is a constant determined by geometric factors,
and D is the diffusion coefficient. Therefore, coating growth is dominated by
inward diffusion of Si, while Zr diffusion is more difficult and occurs over shorter
distances.

During the initial stage of coating growth, Si atoms adsorbed on the sample
surface first react with the outermost Zr film as follows:

Zr + 28i — ZrSi,

After the Zr film is completely converted to ZrSi,, the continuously inward-
diffusing Si reacts with the Nb-Ti-Si-Cr substrate. It should be noted that since
the formation enthalpy of Ti;Si, phase (-597 kJ/mol) [30] is lower than those
of NbSi, and TiSi, phases (-161 [31] and -160 [32] kJ/mol, respectively), the
active Si atoms first react with Nb and Ti elements in the substrate:

48i + 5(Ti, Nb) — (Ti, Nb)5g,4

forming (Ti, Nb);Si, (the solubility of Nb in TizSi, phase exceeds 47% at 1250
°C [24]), which then reacts with continuously diffusing Si atoms:

(Ti, Nb)sg;4 + 65i — 5(Nb, Ti)Sis

With sustained inward diffusion of Si, the (Ti, Nb);Si, phase advances as a
diffusion front into the substrate alloy. The relationship between the diffusion
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coefficient of Si and temperature can be described by the Arrhenius equation
[27):

D = Dyexp (—%)

where Dy is the diffusion constant, R is the molar gas constant, and T is the
thermodynamic temperature. Thus, increasing temperature leads to an expo-
nential increase in Si diffusion rate, resulting in a significant increase in coating
thickness.

It should be pointed out that reactions (2)—(4) all cause volume expansion, with
different degrees of expansion for different reactions. For example, reaction (2)
causes approximately 2.15% volume expansion, while reaction (4) causes about
2.35% expansion. These differences in volume expansion introduce significant in-
ternal stresses at the interfaces between the coating and substrate and between
the constituent coating layers. Additionally, differences in thermal expansion
coefficients between the coating layers and between the coating and substrate
also introduce internal stresses during cooling. The increased coating thickness
and accelerated growth rate caused by higher co-diffusion temperatures exac-
erbate these internal stresses, leading to crack formation within the coating,
particularly at the interfaces between layers. Therefore, coatings prepared at
1150 and 1250 °C...

2.3 High-Temperature Oxidation Behavior of ZrSi,-NbSi, Composite
Coatings

[Figure 5: see original paper| shows the macroscopic morphology, surface SEM-
BSE image, and XRD spectrum of the ZrSi,-NbSi, composite coating prepared
by Si-Y co-diffusion at 1250 °C for 4 h after magnetron sputtering a Zr film,
following isothermal oxidation at 1250 °C in air for 100 h. The results show that
after oxidation at 1250 °C for 100 h, the coating surface remained intact with a
dense oxide scale. The surface XRD spectrum ([Figure 5: see original paper]|b)
reveals that the oxide scale consists mainly of a mixture of SiO,, TiO,, and
ZrSiO, phases. This demonstrates that the prepared ZrSi,-NbSi, composite
coating possesses excellent high-temperature oxidation resistance, capable of
protecting the substrate alloy from oxidation in air at 1250 °C for at least 100
h.

[Figure 6: see original paper| presents cross-sectional SEM-BSE images of the
coating after oxidation at 1250 °C for 100 h. The ZrSi, outer layer has com-
pletely disappeared, and a dense oxide scale approximately 30 m thick has
formed on the surface. This oxide scale consists of a mixture of black glassy
phase, white particulate phase dispersed in the outer region of the scale, flaky
gray phase, and continuous light-gray phase at the bottom of the scale. The
EDS analysis results for these typical microstructures are shown in . The black
glassy phase contains up to 22.6 at.% Si, indicating it is SiO, (although SiO,
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exists mainly in amorphous form and thus shows weak XRD peaks despite its
high content in the scale). The white particulate phase in the outer region of the
scale contains approximately 14.1 at.% Zr and 14.4 at.% Si, while the composi-
tion of the flaky gray phase corresponds to the TiO, formula. Combined with
the surface XRD spectrum of the scale ([Figure 5: see original paper]b), the
white particulate phase is identified as mainly ZrSiO,, and the flaky gray phase
as mainly TiO,. [Figure 7: see original paper| shows the calculated Gibbs free
energy curves for the reaction ZrO, + SiO, — ZrSiO, at different temperatures.
The results indicate that ZrSiO, formation satisfies the thermodynamic condi-
tions during oxidation. Kaiser et al. [33] and Ebener et al. [34] also reported
that ZrSiO, can form slowly at temperatures above 1200 °C. Since ZrSiO, is
chemically stable and its formation causes approximately 7% volume contrac-
tion, it can help reduce internal stresses caused by thermal expansion coefficient
mismatch between the oxide scale and the remaining coating, thereby improv-
ing scale spallation resistance. The continuous gray phase at the bottom of the
scale contains about 29.5 at.% Cr, indicating it is mainly Cr,O5. This suggests
that outward diffusion of elements was suppressed during oxidation. Previous
studies [35] have shown that reactive elements such as Zr and Y tend to segre-
gate at oxide grain boundaries, hindering outward diffusion of metallic elements
like Nb, Ti, and Cr to the air/scale interface and transforming the dominant dif-
fusion mechanism from outward metal diffusion to inward O?~ diffusion. Since
the diffusion rate of O?~ in a dense oxide scale is significantly lower than that of
metallic elements, this transformation in diffusion mechanism can substantially
reduce the oxide scale growth rate and enhance the high-temperature oxidation
resistance of the coating [36].

[Figure 6: see original paper|b also reveals that numerous pores formed in the
coating beneath the oxide scale, and the coating thickness increased significantly
from approximately 65 m before oxidation to about 125 m. The thickness of
the (Ti, Nb);Si, inner layer increased markedly, while that of the (Nb, X)Si,
intermediate layer decreased. These changes in the coating were mainly caused
by outward diffusion of Si, Ti, and Cr during oxidation, as well as continued
inward diffusion of Si into the substrate alloy. Previous studies [10] have shown
that when the Si content in the coating exceeds 40 at.%, a continuous SiO,
scale can form. Therefore, the persistence of the (Nb, X)Si, layer in the remain-
ing coating indicates that the prepared ZrSi,-NbSi, composite coating still has
further oxidation resistance potential.

Conclusions

(1) ZrSi,-NbSi, composite coatings were successfully prepared on Nb-Ti-Si-
Cr based ultrahigh temperature alloys by a process involving magnetron
sputtering of a Zr film followed by Si-Y co-diffusion. Coatings prepared at
different Si-Y co-diffusion temperatures exhibited similar structures, con-
sisting mainly of a ZrSi, outer layer, a (Nb, X)Si, intermediate layer, and
a (Ti, Nb)sSi, inner layer. The coating thickness increased significantly
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with increasing co-diffusion temperature, but excessively high co-diffusion
temperatures caused crack formation between the constituent layers.

(2) Coating formation was dominated by inward diffusion of Si, accompanied
by a certain degree of outward diffusion of Nb, Ti, and Cr from the sub-
strate alloy.

(3) The prepared ZrSi,-NbSi, composite coatings exhibited excellent high-
temperature oxidation resistance. After oxidation, a dense oxide scale
composed of SiO,, TiO,, ZrSiO,, and Cr,O5 formed on the coating sur-
face, which protected the substrate alloy from oxidation in air at 1250 °C
for at least 100 h.
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