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Abstract: The influence of Ce implantation into preformed scales with a dose of 1×1017 ions/cm2 on the subsequent oxidation 
behavior of GH128 alloy at 1 000 ℃ in air was investigated. The pre-oxidation was carried out at 1 000 ℃ in air for 1 h and 5 h 
respectively. Cr2O3, NiO and NiCr2O4 formed on the surface of all specimens. Ce implantation decreased the subsequent oxidation 
rate of both the alloy and the 1 h pre-oxidized alloy, however, had no effect on that of the 5 h pre-oxidized alloy. The beneficial effect 
was most obvious in the directly implanted alloy. During the cyclic oxidation for 600 h, Ce implantation for all specimens with or 
without preferential oxidation played a similar beneficial effect on the oxide spallation resistance. The results indicate that Ce 
incorporated into the oxide scales affects the diffusion of the reaction species to some extent, the wavy interface and small grain 
structure make a significant contribution to improving the spallation resistance of the oxide scales. 
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1 Introduction 
 

It was observed that the additions of small 
quantities of reactive elements such as rare earth 
elements(REs), Ti, Zr and Hf into high temperature 
alloys can decrease the oxidation rate and improve the 
oxide adherence[1−2]. A number of mechanisms were 
proposed to explain the so called reactive element effect 
(REE), of which the modification to oxide growth 
processes[3−5] and “sulfur” effect[6−7] are generally 
considered. A great number of investigations supported 
the two models. However, the relationships of the 
presence of REs with oxidation process modification and 
oxide adhesion improvement, and independence of the 
above two mechanisms have not been verified directly. 

One kind of oxidation tests, in which REs are 
implanted into preformed oxides, may be worth while to 
clarify the above problems[8−11]. In this test condition, 
the scale grain boundaries were doped with implants but 
without a dopant at the metal/scale interface. Therefore, 
the existence of REs and interfacial segregation of sulfur 
may happen at the same time. The results obtained by 
HOU et al[8] indicated that Y implantation into a pre-  

formed Cr2O3 scale on Ni-25%Cr (mass fraction) 
reduced the subsequent oxidation rate at 1 000 ℃ to a 
similar content to that for implantation into the alloy, but 
no improvement in scale adhesion. PAÚL et al[9] found 
that Ce implantation of 0.9×1016 ions/cm2 both into AISI 
type 304 stainless steel and into the preformed scale 
decreased the oxidation rate at 1 173 K similarly. In our 
previous work[10−11], a dose of 1× 1017 Ce+/cm2 was 
implanted into the pre-oxidized Ni-20%Cr alloy. The 
subsequent oxidation rate at 1 050 ℃ was decreased 
and the oxide adhesion was improved, but the beneficial 
effects were weaker than that in the direct implantation 
into the alloy. All above results showed that the presence 
of REs only in the part layer of oxide scales could play a 
beneficial role for decreasing the oxidation rate. 

In order to further definite the effect of REs 
implantation into preformed oxides on the subsequent 
oxidation, another main Cr2O3 forming GH128 alloy was 
investigated in present work. The pre-oxidation and 
cyclic oxidation were carried out for long time up to 5 h 
and 600 h, respectively. Ce distribution in the oxide 
scales was analyzed before and after the subsequent 
oxidation using SIMS technique. 
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2 Experimental 
 

The GH128 alloy had the following nominal 
chemical compositions (mass fraction, %): Cr 22, W 9.0, 
Mo 9.0, Al 0.8, Ti 0.8, C≤0.05, Fe≤1.0, Zr≤0.06, B≤
0.05, Ce≤0.05, Mn≤0.05, Si≤0.08, Ni balance. Single 
austenite phase and secondary phases of M6C and TiN 
existed in the alloy. The dimension of specimens with a 
hole of d2 mm was 12 mm×10 mm×1.5 mm. The surface 
of the specimens was ground by 600 grit paper, and 
degreased in acetone ultrasonically followed by ethanol 
cleaning before oxidation or implantation. The 
specimens was pre-oxidized at 1 000 ℃ in air for 1 h 
and 5 h, respectively, and then cooled down to room 
temperature slowly in the furnace. The preformed oxide 
scales were integrate and compact. The pre-oxidized 
specimens and the blank specimens were implanted with 
a dose of 1×1017 Ce+/cm2 using the metal vapor vacuum 
arc (MEVVA) equipment with high-current metal-ion 
source. During the implantation, a voltage of 50 kV and 
a beam current of 2.3 mA were used. 

The subsequent isothermal and cyclic oxidations 
were conducted at 1 000 ℃  in air by the thermal 
microbalance (Setaram, Mtb10-8) and the automatic 
cyclic oxidation facility with a vertical tube furnace 
respectively. During the cyclic oxidation, the specimen 
was quickly put into the furnace at 1 000 ℃ and kept 
for 1 h, afterwards drawn out to rapidly cool in air for 10 
min. An analysis balance (Sartorius BP211D) with a 
sensitivity of 10−5 g was used to measure the mass of the 
specimen at intervals during the test. The mass change of 
the specimen with cyclic times (or oxidation time) can be 
obtained. 

After the oxidation, the oxide phases and surface 
morphologies of specimens were investigated by using 
X-ray diffractometer (XRD, Philips PW1700), scanning 
electron microscope equipped with energy dispersive 
spectroscopy (SEM/EDS, Philips XL30). The depth 
distribution of Ce was analyzed by secondary ion mass 
spectroscope (SIMS, Cameco IMS 6F). In the SIMS 
analysis, the primary ion beam of O2+ was used. The 
acceleration voltage of 15.07 kV, primary ion beam 
current of 1.99 μA and sputtered area of 250 μm×250 
μm were selected. 
 
3 Results and discussion 
 
3.1 Oxidation kinetics 

The isothermal oxidation kinetics of the implanted 
and the un-implanted GH128 alloys at 1 000 ℃ are 
presented in Fig.1. For the pre-oxidized specimens, the 
mass gains have been considered in their oxidation 
kinetics during the pre-oxidation. The mass gains of the 

specimens are also listed in Table 1. As expected, Ce 
implantation into the alloy decreases the oxidation rate of 
GH128 alloy remarkably. Ce implantation into the 1h 
preformed oxide scale also reduces the subsequent 
oxidation rate, but this beneficial effect is less notable 
than that of Ce implantation into the alloy. No positive 
effect is found when Ce is implanted into 5 h preformed 
oxide scale. The above results are partly different from 
that obtained by HOU et al[8], but are consistent with 
our previous work[10]. And it is further indicated that 
when the pre-oxidation time is elongated sufficiently or 
the preformed oxide scale is thick enough, Ce 
implantation becomes almost ineffective on oxidation 
rate. 
 

 
Fig.1 Plots of mass gain vs time during oxidation of blank and 
pre-treated GH128 alloys at 1 000 ℃ in air 
 
Table 1 Mass gain and oxide thickness of specimens after 
oxidation 

Sample 
Mass gain/(mg·cm−2)  Oxide thickness/μm*

Pre- 
oxidation

Whole 
oxidation 

 
Pre- 

oxidation 
Whole 

oxidation
GH128 − 0.36 (20 h)  − 1.8 (20 h)

Ce implanted
in alloy 

− 0.16 (20 h)  − 0.4 (20 h)

Ce implanted 
in oxide (1 h)

0.11 (1 h)
0.28 (20 h)  

0.6 (1 h) 0.9 (21 h)
0.29 (21 h)  

Ce implanted 
in oxide (5 h)

0.24 (5 h)
0.36 (20 h)  

1.3 (5 h) 2.2 (25 h)
0.38 (25 h)  

* Oxide thickness is determined on cross section of specimens by SEM 
 

It should be mentioned that GH128 substrate 
contains less than 0.05%(mass fraction) Ce. Normally, 
the effective addition of REs is in the range of 0.1%− 
0.5% (mass fraction). The content of Ce in GH128 alloy 
is much lower than that required for performing REE 
effectively[1−2]. 

The cyclic oxidation was conducted at 1 000 ℃ in 
air for 600 h. The kinetic data are illustrated in Fig.2. The 
mass gain of GH128 decreases continually after 125 h, 



LI Mei-shuan, et al/Trans. Nonferrous Met. Soc. China 18(2008) 

 

495

which indicates that the oxide scale has serious spallation. 
However, all of Ce implanted specimens with or without 
pre-oxidation show a similar cyclic oxidation behavior 
that presents continuous mass gain in the period of 600 h. 
Therefore, Ce implantation both into the alloy and into 
the pre-formed scales can improve the spallation 
resistance of the oxide scales. 
 

 
Fig.2 Cyclic oxidation kinetics of blank and pre-treated GH128 
alloy at 1 000 ℃ in air 
 
3.2 Oxide phases and scale morphologies 

The XRD analysis indicates that after the isothermal 
subsequent oxidation at 1 000 ℃ in air for 20 h, Cr2O3, 
NiO and NiCr2O4 are formed on all specimens. 

The morphologies of surface and cross sections of 
the oxide scales formed during the isothermal oxidation 

are presented in Fig.3 and Fig.4 respectively. All oxide 
scales do not crack or spall. The oxide scales formed on 
the two pre-oxidized and then implanted specimens have 
a similar convoluted surface morphology, and the oxide 
grains are much smaller than that of GH128 alloy. The 
oxide/alloy interfaces for three Ce implanted specimens 
are very wavy. The mean oxide thickness was 
determined by SEM on the cross section of specimens, 
and the measured data are also presented in Table 1. 

Fig.5 shows the surface morphologies of specimens 
after the cyclic oxidation for 600 h. The oxide scales on 
GH128 spall severely; however, on other three Ce 
implanted specimens the oxide scales crack and spall 
only in the local small area. 
 
3.3 Alloying element distribution 

The depth profiles of alloying elements in the three 
specimens were analyzed by using SIMS, and the data 
are shown in Fig.6. In this figure, the position of the 
oxide/alloy interface was estimated by the profile of Cr 
or Ni and the measured oxide thickness, and the 
sputtering rate was roughly 0.86 nm/s. 

As shown in Fig.6(a), a peak of Ce content is 
located near the surface of the preformed scale. Ce depth 
profile has a long tail. This phenomenon is generally 
observed because of the limitation of ion sputtering in 
SIMS. In general, the implanted RE ions distribute 
according to Gaussian law, and locate within 1−100 nm 
from the surface of implanted metals[12]. According to 
Gaussian law, the fitting of the Ce distribution in Fig.6(a) 

 

 
Fig.3 Surface morphologies of specimens after subsequent oxidation at 1 000 ℃ for 20 h: (a) GH128; (b) Implanted with Ce+;    
(c), (d) Pre-oxidized for 1 h and 5 h respectively and then implanted with Ce+ 
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Fig.4 Cross sectional morphologies of specimens after subsequent oxidation at 1 000 ℃ for 20 h: (a) GH128; (b) Implanted with 
Ce+; (c), (d) Pre-oxidized for 1 h and 5 h respectively and then implanted with Ce+ 
 

 

Fig.5 Surface morphologies of samples after cyclic oxidation at 1 000 ℃ for 600 h: (a) GH128; (b) Implanted with Ce+; (c), (d) Pre- 
oxidized for 1 h and 5 h respectively and then implanted with Ce+ 
 
indicates that the depth of implanted Ce does not beyond 
0.3 μm. The thickness of the preformed oxide scale is 
about 0.6 and 1.3 μm for 1 h and 5 h oxidation, 
respectively. Therefore, the implanted Ce only exists in 
the outer layer of the preformed oxide, and does not exist 
at the preformed oxide/alloy interface. In the Ce directly 

implanted specimen, two peaks of Ce distribution appear. 
One peak is located in the interior of the scale, the other 
is situated at the oxide/alloy interface, at which Cr is 
depleted and Ni and Fe are rich. In the 1 h pre-oxidized 
and then implanted specimen, Ce distributes evenly in 
the outer region of the scale, and its content at the oxide/ 
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Fig.6 SIMS depth profiles of alloying elements in different 
treated GH128: (a) 1 h pre-oxidized and then Ce+ implanted;  
(b) Ce+ implanted and then oxidized for 20 h; (c) 1 h pre- 
oxidized, Ce+ implanted and then oxidized for 20 h 
 
alloy interface is similar to that in the alloy. Cr is 
depleted at the interface. The distribution of Ce in the 
scales is different in Fig.6(b) and (c), which implies that 
corresponding two specimens have a different oxidation 
process. If the implanted Ce is taken as a built-in inert 
marker, the appearance of Ce peak in the outer layer of 
the oxide scale suggests that the location of new oxide 

formation is at the oxide/alloy interface. Therefore, for 
the direct implanted specimen, the inward diffusion of 
O2− is predominant in the oxidation process. For the 1 h 
pre-oxidized and then implanted specimen, Ce distributes 
evenly in the outer region of the scale. So it can be 
proposed that during oxidation, the oxide growth on this 
sample involves the inward diffusion of oxygen in the 
RE-affected region and the outward diffusion of cations 
in the RE-unaffected region, where the former might be 
more prominent due to the overall higher concentration 
of Ce in the outer part of the scale. 
 
3.4 Effects of implanted Ce 

Based on the above results and the knowledge of the 
oxidation of Cr2O3 forming alloys, the oxidation process 
of GH128 alloy can be described as follows. At the initial 
stage, Cr2O3 grows on the surface, then NiO begins to 
form and reacts with Cr2O3 to form NiCr2O4 because of 
not enough Cr content in the alloy, i.e. the outward 
diffusion of Cr3+ and Ni2+ is predominant. In the 
oxidation process of the Ce directly implanted alloy, the 
inward diffusion of oxygen becomes the predominant 
step, correspondingly the oxidation rate is greatly 
reduced[3−5]. 

In the oxidation process of the pre-oxidized and 
then implanted GH128, both oxygen inward diffusion 
and cation outward diffusion happen. If the oxygen 
inward diffusion is a rate controlled step, the oxidation 
rate could be decreased, just as the case occurred on the 
1 h pre-oxidized and then implanted GH128. Obviously, 
the beneficial effect of implanted Ce is related to the 
pre-oxidation time or preformed oxide thickness. 
According to the mechanism of “modification to oxide 
growth processes”[3−5], reactive elements play their 
beneficial effect through retarding cation boundary 
diffusion due to their segregation at oxide grain 
boundaries. With increasing the pre-oxidation time, the 
grain size of preformed oxides increases, and the content 
of dissolved Ce at the oxide grain boundaries reduces 
[11], so the retarding of implanted Ce in the RE-affected 
region for the cation outward diffusion becomes weak, 
even totally losses. Therefore, for the 5 h pre-oxidized 
and then implanted specimen, the inward diffusion of 
oxygen through the Ce incorporated oxide layer is not 
any more a subsequent oxidation control step, and its 
oxidation rate is similar to that of the blank GH128. The 
effect of REs on the oxidation rate of alloys is related 
with their existing states. The further work is needed to 
clarify the relationship of the grain boundary properties 
with the RE’s segregation. 

Ce ion implantation exerts its beneficial effect on 
the spallation resistance of the oxide scales mainly 
through enhancing the strength of the oxide/alloy 
interface[8], such as retarding the formation of voids at 
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the oxide/alloy interface, developing a wavy 
configuration of the interface[13], and/or inhibiting 
sulfur segregation at the interface[6]. During the 
subsequent oxidation of the 1 h pre-oxidized and then 
implanted specimen, although the outward diffusion of 
Cr3+ and Ni2+ still happens, the voids formed due to the 
condensation of cation vacancies at the oxide/alloy 
interface should decrease under the condition of the low 
oxidation rate. Consequently, the oxide adhesion should 
be improved to some extent. According to this proposal, 
the slower the oxidation rate, the more obvious the oxide 
adhesion is improved. However, the different influence 
of Ce implantation into the blank and pre-oxidized 
specimens has not been found in the period of the cyclic 
oxidation. Much longer oxidation time may be needed. 

It is shown clearly in Fig.4 that the configuration of 
the oxide/alloy interface of the three Ce implanted 
specimens is very wavy, and that of the blank GH128 is 
relatively smooth. The same phenomenon was found 
previously by HOU et al[14]. It was thought that this 
kind of the oxide/alloy interfaces improved the oxide 
adhesion by impeding crack propagation[15]. Therefore, 
the formation of the wavy interface is believed to be 
another important reason for improving the adherence of 
the scales on the Ce implanted GH128 with or without 
pre-oxidation. 

It was verified that sulfur segregation at an 
oxide/metal interface weakens interfacial bonding[6]. In 
this study, it can be supposed that Ce does not get to the 
oxide/alloy interface for the pre-oxidized samples. The 
beneficial effect of Ce ion implantation on the growth 
rate and adhesion of the oxide scales on the pre-oxidized 
GH128 demonstrates that sulfur getting is not the main 
effect of Ce here. Rather, the change of the oxidation 
process owing to the segregation of Ce at the oxide grain 
boundaries is likely to be the main mechanism. 
 
4 Conclusions 
 

1) Ce+ implantation into the preformed oxide scale 
with the thickness of 0.6 μm decreased the subsequent 
oxidation rate of GH128 at 1 000 ℃ in air. When the 
thickness of the preformed scale was 1.3 μm, this 
beneficial effect no more existed. 

2) In the case of the cyclic oxidation at 1 000 ℃ 
for 600 h, Ce implantation played a similar beneficial 
effect on the spallation resistance of the oxide scale on 
the blank and pre-oxidized GH128 alloy. 

3) The improvement of oxide adhesion for 
pre-oxidized and then implanted GH128 was related to 
the formation of wavy oxide/alloy interfaces, not to the 

interfacial segregation of indigenous sulfur. 
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