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a  b  s  t  r  a  c  t

Ir–Zr  gradient  coating  was  obtained  on the  Mo  substrate  by  double  glow  plasma.  The  structure  and  com-
position  of  the  coatings  were  confirmed  by  SEM,  AFM,  XRD  and  EDS,  respectively.  The  adhesion  strength
between  the  coating  and  the substrate  was  evaluated  by a scratch  tester.  Compared  with  preferential
growth  orientation  of (2 2  0)  crystal  plane  of Ir coating,  the  Ir–Zr  coating  had  a random  orientation  struc-
ture.  The  RMS  roughness  value  of the Ir–Zr  coating  is  19.3  nm,  which  was  lower  than  the roughness  value
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of  45 nm  for  Ir coating.  The  Ir–Zr  coating  with  the  thickness  of  5.0  �m  was  composed  of  two  distinct
layers.  The  proportion  of  Ir decreased  gradually  from  the  surface  of  the  coating  to  the coating/substrate
interface.  The  Zr  distribution  decreased  slightly  in  the  coating.  The  adhesive  force  of  the  Ir–Zr  coating
was  15  N.

© 2012 Elsevier B.V. All rights reserved.

m
om
. Introduction

The refractory metal molybdenum (Mo) has a combination of
roperties, including exceptional strength, stiffness at high tem-
erature, good thermal conductivity and low thermal expansion,
hich are useful in wide range of applications, particularly at

levated temperatures such as high temperature furnaces, rock-
ts nozzles, jet tabs and fusion devices [1]. However, one major
rawback of Mo  is poor oxidation resistance at high temperatures
2,3]. In our previous study, iridium (Ir) was chosen to the coating

aterials on Mo  substrate because of its low oxygen permeability,
igh melting temperature, good chemical compatibility, an effec-
ive barrier to carbon and oxygen diffusion [4,5] and good corrosion
esistance [6,7]. Nevertheless, this procedure might cause serious
roblems such as the evaporation of the Ir when the materials
re applied in high temperature environments. Some researchers
8,9] focused on the design of the coating such as multilayer coat-
ngs or doped alloy elements, which reduced the ablation rate
nd extended the useful time. At present, Ir-based alloys, Ir–X
X = Ti, Nb, Hf, Zr, Ta and V), have gained attention as new high-
emperature materials due to their high melting point and superior
xidation resistance [10–13]. The behavior of Ir–Ta, Ir–Hf, Ir–Pt,

www.sp
r–Ni and Ir–Al coatings have been investigated [14–17]. However,
ew literatures concerning Ir–Zr coating have so far been published.
n order to provide enhanced high temperature protection over

∗ Corresponding author.
E-mail  address: zhaofeng chen@163.com (Z. Chen).

169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.apsusc.2012.01.149
a wide range of operating conditions, the Mo  substrate could be
improved by depositing the Ir–Zr coating based on the outstand-
ing characteristics of Zr, such as exceptional strength, stiffness at
high temperature and excellent corrosion resistance. In addition,
gradient coating can be used to reduce stress concentrations at the
intersection between the interface and the surface, thereby limit-
ing the stresses at critical locations and thus suppressing the onset
of damage or cracking [18,19]. Therefore, the gradient structure of
Zr distribution in the Ir coating cannot only avoid the evaporation
of the Ir, but also improve the distribution of stress.

Double glow plasma technique could be looked as a kind of
physical vapor deposition, which could apply almost all solid metal-
lic elements to realize surface alloying of the metallic substrates.
The general advantages of this technique include low cost, high
deposition rate, good coating uniformity, controllability of coating
thickness and strong adhesion to the complex shaped substrates
[20,21]. This technique can be used to produce the coatings with
different composition ratio of coating elements in a controlled man-
ner with simple operating procedures. In this paper, a design for
gradient Ir–Zr coating was  fabricated on Mo  substrate by double
glow plasma. The structure and adhesive properties of the coating
were investigated.

2.  Experiment

.c
2.1. Preparation of the coating

A  detailed description of double glow plasma device was
reported in detail elsewhere [22,23]. The surface alloying

dx.doi.org/10.1016/j.apsusc.2012.01.149
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:zhaofeng_chen@163.com
dx.doi.org/10.1016/j.apsusc.2012.01.149
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Fig. 1. Schematic diagram of the Ir–Zr target.

xperiment was performed in a double glow plasma surface alloy-
ng device, in which the low temperature plasma was produced by

 glow discharge process in a vacuum sputtering chamber. Three
lectrodes were designed in the chamber: one anode and two  neg-
tively charged members. The work piece was positioned at the
athode, and the source electrode was where the desired element
as located. Some Mo  plates (∅40  mm × 3 mm)  were used as the

ubstrate materials. The substrates were polished with 1000-grit
mery paper and cleaned ultrasonically in ethanol for 0.5 h before
eposition. The substrates were then dried for 1 h at 353 K in order
o remove the ethanol from the substrates. An alloy plate consist-
ng of the Ir and Zr elements (Fig. 1) was used as the target which

as obtained by glow plasma device. In the preparation process
f the alloy plate, the Ir plate (purity: 99.95%, ∅50  mm × 3.5 mm),
egmental covered with alumina ceramic plates at equal dis-
ances, was used as the substrate, and the Zr wire (purity: 99.5%,
1.5  mm × 500 mm)  was the target. Since the sputtering rate of Zr
as lower than that of Ir, a ratio of surface area (the half cylin-
rical area) of Zr to surface area of Ir of 5:1 was chosen. Argon was
sed as the working gas. The deposition conditions were: base pres-
ure 4 × 10−4 Pa, target bias voltage −850 V, substrate bias voltage
300 V, substrate temperature 1073–1123 K, working gas pressure
0 Pa, target-substrate spacing 15 mm,  and deposition time 2 h.

.2.  Characterization of the coating

The phase identification and crystal size of the coating were
etermined by X-ray diffraction (XRD, Bruker D8 Advanced) using
i-filtered Cu K� radiation at a scanning rate of 4◦/min and scan-
ing from 10◦ to 90◦ of 2�. The chemical composition of the coating
as examined by energy dispersive spectroscopy (EDS, Genesis

000 XMS  60). The microstructure and morphology of the coat-
ng were observed by scanning electron microscopy (SEM, FEI CO,
uanta200). The root mean square (RMS) roughness of the coating
as measured by atomic force microscopy (AFM, CSPM4000).

.3.  Adhesive property of the coating

The adhesion of the coating to the substrate was evaluated by a
cratch tester (WS-2005) using a diamond stylus (120◦ cone with a
.2 mm diameter tip) under continuously increasing load. The load-

ng rate was set at 25 N/min and the specimen table speed was
 mm/min. The test was terminated at the maximum load of 100 N.

. Results and discussion

.1.  Structure

www.sp
Fig.  2 displays the XRD patterns of the Ir coating and the
r–Zr coating on Mo  substrate. In Fig. 2a, the Ir coating had three
iffraction peaks: (1 1 1), (2 0 0) and (2 2 0). The degree of preferred
rientation of the coating was estimated from X-ray peak-intensity
Fig. 2. XRD patterns of the Ir coating and the Ir–Zr coating.

ratios of (2 0 0) and (1 1 1) planes, as well as (2 2 0) and (1 1 1) planes
(i.e., I2 0 0/I1 1 1 and I2 2 0/I1 1 1). For randomly oriented Ir powder sam-
ple JCPDS (46-1044) [24], the values I2 0 0/I1 1 1 and I2 2 0/I1 1 1 were
0.55 and 0.42. As illustrated in the Ir coating, the values I2 0 0/I1 1 1
and I2 2 0/I1 1 1 were 0.17 and 2.17. The data indicated that the Ir
coating had a preferred (2 2 0) orientation due to the initial nuclei
with preferred growth on the surface of the substrate. The nucle-
ation process could play an important role in determining the
distribution of orientations in the resulting coating. In general,
the orientation of the Ir coating by sputtering or chemical vapor
deposition is (1 1 1) crystal plane. The (1 1 1) orientation is favored
most likely because the (1 1 1) crystal plane in face-centered cubic
(fcc) structure was closely packed with the lowest surface energy
[25,26]. However, the values I2 0 0/I1 1 1 and I2 2 0/I1 1 1 for Ir–Zr coat-
ing (Fig. 2b) were 0.85 and 0.23, implying a random orientation.
Compared with the XRD pattern of the Ir coating, the (1 1 1), (2 0 0)
diffraction peaks of the Ir–Zr coating became wide and (1 1 1), (2 2 0)
peak became weak. The broadening of the peak was attributable to
the decrease of grain size. Further, we would need to more accu-
rately assess the grain sizes by TEM investigation. It was found the
formation of ZrO2 was  might be attributed to the reaction between
Zr and O2. The Mo  was also observed in the XRD pattern which
might be due to the thin Ir–Zr coating.

3.2. Morphology and composition

Fig.  3 shows the AFM images of the Ir–Zr coating. Fig. 3a
shows the three-dimensional tapping mode AFM image over a
2.98 �m × 2.98 �m region of the surface morphology of the Ir–Zr
coating. The surface of the Ir–Zr coating is composed of hillocks due
to the shadowing effects. High points on the surface received more
atoms than low points, and then hillocks and valleys developed.
The RMS  roughness value of the Ir–Zr coating is 19.3 nm, which
was lower than the roughness of 45 nm for Ir coating [27]. Gong
et al. [28] reported that the surface roughness and crystalline size
of the Ir film by pulsed laser deposition increased with the increas-
ing substrate temperature. However, deposition conditions were
the same for both Ir–Zr coating and the Ir coating, the influence of
experimental parameters such as the substrate temperature was
neglected. It can be included that the decrease of the roughness of
the Ir–Zr coating was  due to the effect of the additional Zr. On the

.co
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other hand, the formation of ZrO2 phase might inhibit the grains
growth of the coating. Gelfond et al. [29] suggested that the intro-
duction of the oxide phase in the Ir coating halved the Ir crystallite
size. It can be inferred that the formation of ZrO2 phase could made
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Fig. 3. AFM images of the coating: (

he grain refining. From Fig. 3b, the grain size of the coating was
bout 100 nm.  The grains of sub-micrometer size could be ascribed
o the high substrate temperature, which enabled the thermody-
amically favored grains to grow in size. It can be seen that the

r–Zr coating was generally dense and homogeneous.
Fig. 4 shows the SEM micrographs of the surfaces of the

r–Zr coating and Ir coating. The surface of the Ir–Zr coating was
ense and uniform (Fig. 4a). The average size of grains was about
0–100 nm.  Some horizontal textures appeared on the surface due
o the surface treatment of the Mo  substrate before the deposition.
o microcracks were observed on the surface of the coating. It was

ound from Fig. 4b that the surface of the Ir coating was relative
ough. The coating was  composed of the tapered crystallites [30].
uring the deposition, the as-deposited atoms, clusters, and par-

icles suffered from the bombardment of the hybrid plasma. Some
mall atom clusters and particles were prone to be sputtered out.
he high concentration of the Ir ions in the boundary layer led to the
gglomeration of the Ir atoms. The agglomerated clusters and the
puttered Ir particles were deposited to form tapered crystallites.
he average size of the crystalline grain was about 1 �m,  which was
arger than that of the Ir–Zr coating. It was evident that the grains of
he Ir–Zr coating decreased with addition of Zr element. Compared
ith the Ir–Zr coating, the Ir coating was rough, which was  in line
ith the AFM images (Fig. 3).

Fig. 5 shows the SEM micrograph and the EDS spectrums of the
ross section of the Ir–Zr coating. The thickness of the Ir–Zr coating

.sp
as 5.0 �m.  The Ir–Zr coating was composed of two distinct layers.
n the outside layer, the thickness of the coating was 2.4 �m with

icrocracks and particle debris. The microcracks were confined to

Fig. 4. SEM micrographs of the surface of th

www

 AFM image and (b) 2D AFM image.

the coating without propagating into the Mo  substrate. In the inner
layer, the coating was  continuous with a thickness of 2.6 �m.  The
coating and the substrate exhibited good adherence with no evi-
dence of delamination. The elemental compositions of the Ir–Zr
coating were composed of the Ir, Zr, Mo  and O (Fig. 5b and c). In
Fig. 6, the EDS spectrum of different areas from the interface to the
surface of the coating was shown. The proportion of Ir fluctuated
at first, then decreased gradually from 30.73(at.%, Fig. 5b) in the
surface of the coating to 11.19(at.%, Fig. 5c) in the interface. The
trend of Ir line showed the content was  a gradient distribution. The
Zr distribution experienced a slight decrease in the coating. Com-
pared with the Zr line, the proportion of the Ir was lower, which
was attributed to the design of the target. During the sputtering,
the sputtering rate of the Ir was higher than that of the Zr, there-
fore, the content of Ir had a great change while the Zr experienced a
slight trend. The content of Mo  increased marginally in the coating.
It could be concluded that Mo  atoms sputtered out the surface and
diffused into the coating at the high temperature, which was  con-
sistent with the XRD pattern (Fig. 3). It was  found that the O element
decreased gradually with the increase of the coating thickness. It
was known that some cracks and fragments were formed in the
coating due to the formation of the oxide ceramics phase.

Fig.  7 shows the schematic formation process of the gradient
layer. The elemental Zr content was  the highest before the depo-
sition because of the design of the alloy target. Along with the
bombardment of Ar+, the Ir and Zr were continuously deposited

.co
m.cn
and sputtered out on the surface of Mo  substrate (Fig. 7a). With the
deposition, the Zr element declined steadily, consequently some
Ir element could be gradually exposed from where Zr atoms had

e (a) Ir–Zr coating and (b) Ir coating.
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intrinsic, and was not related to impurity [31]. From the SEM micro-
graph in the right corner of Fig. 8a, some microcracks occurred
and the white areas showed poor adhesion. The adhesive force of
the Ir–Zr coating was  15 N (see Fig. 8b). A general rule of thumbm
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Fig. 5. SEM micrograph and EDS spectrums of cross section

een covered. This also meant that the proportion of Ir on the tar-
et increased consistently. Besides, the Ir and Zr atoms diffused into
he substrate at high temperatures, at the same time, the Mo  atoms
lso diffused into the coating (Fig. 7b). The percentage of the coat-
ng elements changed constantly. Finally, the gradient layer with
r and Ir concentration distributed was formed (Fig. 7c).

.3.  Adhesive property

Fig.  8 displays the SEM micrographs and scratch test pattern of.sp
he scratched coating. Some cracks occurred inside the scratch track
ithout extensive chipping. From the amplificatory microstructure

n the left corner of Fig. 8a, the relative curved cracks extended to
he edges of the scratch track. Brittleness in polycrystalline Ir was

1 5432

0

5

10

15

20

25

30

35

40

45

50

C
o

u
n

te
n

t 
(a

t.
%

)

Distance from surface( )

O

 Zr

Mo

Ir
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 coating: (a) SEM photograph, (b) “ ” dot, and (c) “�” dot..co
Fig. 7. Schematic formation process of the gradient layer growth: (a) beginning, (b)
middle, and (c) last.
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ig. 8. SEM micrographs and scratch test pattern of the Ir–Zr coating: (a) SEM
icrographs  and (b) scratch test pattern.

ays [32] that a critical load of 30 N in scratch testing with a Rock-
ell C diamond tip is generally sufficient for tooling applications.

herefore, the Ir–Zr coating adhered weakly to the substrate due to
he formation of the brittle oxide ZrO2 phase on the surface of the
oating.

. Conclusions

1) Ir–Zr gradient coating was successfully obtained on the surface
of  Mo  substrate by double glow plasma. The Ir–Zr coating was
generally  dense and homogeneous. The Ir–Zr coating with the
thickness  of 5.0 �m was composed of two layers. The interface
between the coating and the substrate exhibited no delamina-
tion.

2) The roughness values of the Ir–Zr coating was  19.3 nm with
the  grain size of 100 nm.  Due to the addition of Zr in the coat-
ing  and the formation of the ZrO2 phase, the Ir–Zr coating had
much  finer grain structures as compared with the Ir coating
under  the same experiment conditions. Hence, the decrease of
the roughness value in the Ir–Zr coating was  due to the grain
size  refinement.

3) A model has been made to explain the formation process of
the  gradient layer growth. The percentage of the coating ele-
ments  were changed constantly during the deposition. Lastly,

www.sp
the  gradient layer with Zr and Ir concentration distributed was
formed.

4) The adhesive force of the Ir–Zr coating was about 15 N. The Ir–Zr
coating  adhered weakly to the substrate due to the formation

[

[

nce 258 (2012) 5135– 5140 5139

of the brittle oxide ZrO2 phase on the surface of the coating. In
the  following investigation, we  need to keep superhigh vacuum
condition  stopping the penetration of the oxygen.
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