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A variety of experimental techniques have been used to study the effect of yttrium on the
high temperature cyclic oxidation behavior of a directionally solidified (DS) Ni-Al-Mo-B
alloy IC6. The cyclic oxidation resistance of alloy IC6 is substantially improved by adding
proper amount of yttrium, which is resulted from several beneficial roles played by yttrium.
Yttrium decreases the harmful effect of sulfur to the adherence between the oxides scale
and the substrate, and the depth of the diffusion layer by inhibiting cationic transportation.
Yttrium promotes the selective oxidation of aluminum and decreases the proportion of NiO
region in the surface oxide scale. Yttrium migrates to the oxide grain boundaries and
promotes the formation of a fine close packed oxide grain structure, and hence improves
the mechanical strength of the grain boundaries. C© 2001 Kluwer Academic Publishers

1. Introduction
One of the critical requirements for a protective oxide
scale on an alloy substrate to provide high temperature
environmental resistance is that the scale should be ad-
herent to the substrate. It is well known that one of the
best ways to improve the adherence of oxide scales,
notably Cr2O3 and Al2O3, is adding small amount of
a rare earth element, as a component in the alloy. Var-
ious explanations have been proposed to account for
the beneficial effects of active element addition. These
include: (a) inhibition of segregation of sulfur to the
interface between oxide scale and substrate [1–10];
(b) enhancement of scale plasticity by modifying the
structure [11–22]; (c) reduction in accumulation of
voids at the alloy/scale interface [23–27]; (d) mechan-
ical keying by the formation of oxide pegs [11, 13, 23,
28–35]; (e) reduction of growth stress through the mod-
ification to growth process of the oxide scale [14, 15,
20, 21, 36–41].

A directionally solidified (DS) alloy IC6 has been
recently developed in BIAM as a high-temperature
structural material used for advanced jet-engine blades
and vanes operating in the temperature range of
1050–1150◦C [42]. Its high temperature oxidation re-
sistance is substantially improved by adding proper
amount of yttrium [43, 44], the purpose of this pa-
per is to investigate the beneficial roles played by
yttrium.

2. Experimental procedure
The master alloy with the chemical composition of Ni—
(7.5–8.5)Al—(13.0–15.0)Mo—(0.02–0.1) B (wt%)
was first prepared by a vacuum induction furnace, and
then the columnar grain specimens with addition of
different amount of yttrium were produced by rapid

solidification technique in a commercial DS vacuum
induction furnace. The as-cast specimens were homog-
enized at 1260◦C for 10 h and oil quenched.

The specimens with the size of 30 × 10 × 1.5 mm
were oxidized in air at 1100◦C in furnace to let the
oxidation scale form and spall naturally and taken out
after different length of time to weigh the mass change
with analytical balance.

The specimens after exposure at high temperature
for X-ray line scan of elements were polished and
then examined in a JXA 8600 electron probe micro-
analyzer (EPMA). The morphology of surface oxides
was studied with JSM-35 type scanning electron micro-
scope (SEM). The contents of spalled surface oxides
were analyzed with MXP-AHF18 type X-ray diffrac-
tion instrument.

3. Results and discussion
3.1. Microstructure of alloy IC6 with and

without yttrium
The microstructure of alloy IC6 after homogeniza-
tion was examined by SEM. The results showed that
the microstructure of alloy IC6 can be divided into
interdendritic and dendritic areas, A and B respec-
tively, as shown in Fig. 1. The dark phase is γ ′ phase
and the gray phase in network is γ phase. The vol-
ume percent of γ phase is about 20–25% and that
of γ ′ phase is about 75–80%. The dimension of γ ′
precipitates is 0.1–0.3 µm in interdendritic area and
1–3 µm in dendritic area. Boride usually appears in
the interdendritic area when boron content exceeds
0.16 at% [45].

The chemical composition analysis results showed
that the actual level of yttrium was about 20–25% of the
nominally added amount. The result of SEM showed
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Figure 1 SEM image of alloy IC6 showing the interdendritic area A and dendritic area B.

Figure 2 Back scattered electron image (BSEI) of alloy with 0.20–
0.30 wt% Y showing the bulk shape regions.

that the microstructure of alloy IC6 with addition of
0.04–0.12 wt% yttrium has no obvious difference com-
pared with that of alloy without yttrium. When the
added amount of yttrium increases to 0.20 wt%, bulk
shape regions is formed in the interdendritic area sur-
rounded by large size γ ′ precipitates, as shown in Fig. 2.
The volume percent of bulk shape region and large
size γ ′ precipitates in the interdendritic area increases
when the amount of yttrium increases from 0.2 wt% to
0.3 wt%. The conventional TEM and EDS analysis re-
sults show that the bulk shape regions consist of three
phases, one of them is γ phase, the other containing
only Ni and Y was identified to be Ni3Y, and the third
one containing only Mo and Ni was identified to be
Mo1.24Ni0.76 [46].

3.2. Oxidation test results
Cyclic oxidation test was carried out at 1100◦C in air.
Three samples of each heat were tested at the same
time and taken out of the furnace to determine the mass
change. The average mass change per unit area of three
samples of each heat vs time is plotted in Fig. 3. From
Fig. 3a, it can be seen that the scale of alloy IC6 without
yttrium (I1) spalls severely after about 2 h. For analy-
sis convenience, the point that mass change becomes
minus value is defined as the beginning time for severe

Figure 3 The mass change per unit area vs time at 1100◦C. (a). for all
heats, (b). details of (a) for heats I2, I3, I4, I5, I7.

scale spallation (BTSSS). BTSSS of alloys with yttrium
is obviously longer than that of alloy without yttrium.
The details of several heats in Fig. 3a have been shown
in Fig. 3b. From Fig. 3b it can be seen that the severe
scale spallation time of I2 (adding 0.04 wt% Y) starts
at about 58 h and that of I3 (adding 0.08 wt% Y) starts
at about 90 h, and no severe spallation of scale in I4
(adding 0.12 wt% Y) and I5 (adding 0.20 wt% Y) is
found within 100 h. While the mass change in I5 (adding
0.20 wt% Y) started decreasing after 75 h very slightly,
and the BTSSS is about at 73 h when the adding amount
of yttrium increases to 0.3 wt% (I7). It can be concluded
that the adherence of scale to the substrate of alloy IC6
is substantially improved by adding proper amount of
yttrium.

The results of cyclic oxidation tests of several alloys
which were carried out at 1100◦C in ONERA, France
are shown in Fig. 4, where alloy IC6 ONERA was pro-
duced according to the optimum nominally chemical
composition and alloy IC6 ONERA mod is the modified
alloy IC6 ONERA with addition of the micro-alloying
elements Si and Hf, and both alloys were produced in
ONERA. The chemical compositions of the alloys in
Fig. 4 are given in Table I. From Fig. 4 it can be seen
that the cyclic oxidation resistance of alloy IC6 with
addition of proper amount of yttrium (0.12 wt%) is
much better than that of alloy IC6 and even better than
that of alloy DS Mar-M200 with addition of hafnium.
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T ABL E I Chemical composition of alloys (wt%)

Alloy C Cr Co Al Ti Mo W Nb Hf Si Y Zr B Ni

IC6+Y – – – 7.51 – 13.95 – – – – 0.026 – 0.025 Bal.
0.12a

IC6-ONERA – – – 7.64 – 13.6 – – – – – – 0.022 Bal.
IC6-ONERA mod – – – 7.64 – 13.6 – – 0.098 0.101 – – 0.022 Bal.
DS 200 Hf b 0.15 9.0 10.0 5.0 2.0 – 12.5 1.0 2.0 – – 0.05 0.015 Bal.

aadded amount.
bnominal composition for alloy DS 200 Hf.

Figure 4 Cyclic oxidation test results of several alloys in air at 1100◦C.

However, adding Si and Hf simultaneously to alloy IC6
has no beneficial effect to its cyclic oxidation resistance
unlike alloy B-1900, Mar-M200 and In 713C [47].

3.3. Beneficial effects of yttrium in
improving oxidation resistance

The reasons of improvement of the high temperature
isothermal and cyclic oxidation resistance of alloy IC6
by adding yttrium were analyzed using the scanning
electron microscopy, x-ray line scan for elements of
EPMA and X-ray diffraction technique. The beneficial
roles of yttrium on high temperature oxidation resis-
tance to be stated respectively include: (a) decreasing
the harmful effect of sulfur to the adhesion of oxide
scale to the substrate; (b) decreasing the depth of the
diffusion layer; (c) promoting the selective oxidation
of aluminum; (d) decreasing the proportion of easily
spalled NiO region in the surface oxide scale and pro-
moting the formation of a fine close packed oxide grain
structure; (e) migrating to the oxide grain boundaries
and improving the mechanical strength of the grain
boundaries, changing the oxide scale spallation cracks

of the yttrium modified alloy from intergranular to be
transgranular. The decrement of oxidation resistance
for the alloy with addition of excess amount of yttrium
may be attributed to the inner oxidation of Ni3Y pre-
cipitated in the interdendritic area [46].

3.3.1. Decreasing the harmful effect of
sulfur to the adhesion of oxide scale
to the substrate

As been mentioned above, the adherence of oxide scale
to the substrate of alloy IC6 can be substantially im-
proved by adding proper amount of yttrium, which has
been mainly attributed to the role of yttrium in decreas-
ing the weakening role of sulfur to interface bond be-
tween oxide scale and substrate. Yttrium can easily re-
act with sulfur to form sulfides of high incipient melting
temperature during melting. The usual form of sulfide
is Y2S3. The density of Y2S3 is 3.87 g/cm3, which is
much lower than that of alloy IC6 (7.90 g/cm3). Y2S3
is floatable in the melt and can adhere to the wall of
the crucible during melting. Hence the content of sul-
fur remained in the alloy is decreased. Generally, the
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Figure 5 X-ray line scan showing the trapping role to sulfur played by the phases rich in yttrium during high temperature oxidation process.

Figure 6 Diffusion layer formed in the specimens after exposure at 1100◦C, and the X-ray line scan for Mo, Ni, Y, Al.

amount of sulfur is about 10 ppm in alloy IC6 with-
out yttrium and 4–6 ppm in the alloys with addition of
proper amount of yttrium. On the other hand, the bulk
shape regions containing Ni3Y mentioned in part 3.1
can act as traps to sulfur during high temperature oxi-
dation process, as shown in Fig. 5. The amount of sulfur
which segregates to oxide scale/substrate interface and
weakens the interface bond is reduced due to the above
two roles played by yttrium.

3.3.2. Decreasing the depth of
diffusion layer

There is no consecutive oxide scale formed in the sur-
face of specimens after exposure at 1100◦C in air. A
diffusion layer is formed in the surface or beneath the
oxide scale of all heats studied, as shown in Fig. 6. From
the X-ray line scan for elements results in Fig. 6, it can
be seen that the diffusion layer is rich in Mo and Ni,
while poor in Al. A large amount of Ni3Mo with D022
type crystal structure is formed in the diffusion layer
due to the enrichment of Mo and Ni [48].

The diffusion layer is primarily a function of Al con-
sumed to form oxides. The wider the diffusion layer, the
more spallation of oxides scale. More spallation means
more Al consumption as oxides try to reform. The pre-
sentation of yttrium can inhibit the cationic transporta-
tion and hence affect the depth of diffusion layer formed
in the specimens after exposure at 1100◦C, as shown in
Fig. 7. The depth of diffusion layer of alloy IC6 without

Figure 7 Effect of yttrium on the depth of diffusion layer.

yttrium increases very quickly before 25 h and reaches
nearly 23 µm after exposure at 1100◦C for 100 h. For
the alloy with addition of 0.04 wt% Y, the depth of
diffusion layer increases slowly before 50 h but ac-
celerates after 50 h and is up to 17 µm after 100 h.
The depth increases very slowly and evenly all through
100 h to reach 14 µm for the alloy with addition of
0.12 wt% Y. When the adding amount of yttrium in-
creases to 0.30 wt%, though the depth of diffusion layer
increases very slowly during 50–100 h, the increment
of the depth of diffusion layer is only a little slower than
that of alloy without yttrium before 50 h, and hence it
exceeds 16 µm after exposure at 1100◦C for 100 h.
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3.3.3. Promoting selective oxidation
of aluminum

The oxide scale spalled severely of alloy IC6 without
yttrium during cyclic oxidation. As been mentioned
above, the adherence of oxide scale to the substrate is
substantially improved for the alloys with addition of
proper amount of yttrium. The amount of spalled oxide
scale decreases with the increasing addition amount
of yttrium in the range of 0.04–0.12 wt%, but in-
creases when the addition amount of yttrium exceeds
0.20 wt%.

Figure 8 Surface oxide morphology of alloy IC6 without yttrium after exposure at 1100◦C for 100 h. (a) Low magnification, (b) High magnification.

Figure 9 The cracks in most of region E of alloy IC6 without yttrium.

The X-ray diffraction results of spalled oxide scales
formed during cyclic oxidation show that the spalled
oxides are mainly consisted of NiO and NiA12O4 for
both alloys with and without yttrium [49], which indi-
cates that NiO and NiA12O4 spalled easily. The main
difference in spalled oxides between alloys with and
without yttrium is that there are some α–Al2O3 formed
in the alloys with addition of yttrium [49], which
indicates that yttrium can promote the selective oxi-
dation of aluminium and hence improve the oxidation
resistance of alloy IC6.
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3.3.4. Decreasing the proportion of NiO
region in surface oxide scale

The surface oxide scale formed in alloy IC6 with and
without yttrium during high temperature oxidation can
be divided into two regions according to the energy
dispersive spectrum (EDS) analysis results, one region
called region D is purely consisted of NiO, the other one
called region E is consisted of other oxides mentioned
in part (3.3.3) except NiO. Region D can be spalled
much more easily than region E. Yttrium can decrease
the proportion of region D and increase that of region
E. The low and high magnification SEM images of sur-

Figure 10 Surface oxide morphology of alloys with addition of yttrium after exposure at 1100◦C for 100 h.

Figure 11 High magnification image of region D and region E in Fig. 10. (a) Region D, (b) Region E.

face oxide morphology of alloy IC6 without yttrium are
illustrated in Fig. 8a and b respectively, from which it
can be seen that the oxide scales are mainly consisted of
region D with large grain size of NiO. Even in most of
region E, there are many cracks, which indicate the poor
strength between oxide grain boundaries, as shown in
Fig. 9. For the alloys with addition of proper amount
of yttrium, the proportion of region D in surface oxides
decreases and that of region E increases, as shown in
Fig. 10. From the high magnification image of region
D and region E, it can be seen that the oxide grains in
both regions are more fine and closely packed than that
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Figure 12 Spallation crack of NiO in alloy IC6 without yttrium.

Figure 13 Spallation crack of NiO in alloy IC6 with addition of yttrium.

in alloys without yttrium, as shown in Fig. 11a and b
respectively.

3.3.5. Migrating to oxide grain boundaries
and improving mechanical strength
of grain boundaries

The X-ray diffraction results show that the spalled ox-
ides mainly consist of NiO for both alloys with and
without yttrium after oxidized at 1100◦C for 100 h [49].
The surface oxide morphology was then examined for
these specimens. The results show that the spallation
cracks of NiO are mainly intergranular for the alloy
without yttrium, as shown in Fig. 12. However, the spal-
lation cracks of NiO have become dominantly trans-
granular for the alloy with addition of proper amount
yttrium, as shown in Fig. 13. The transformation of NiO
spallation from intergranular to transgranular is mainly
attributed to the strengthening of the bonding of oxide
grain boundaries by yttrium. Tawancy et al. [17, 18]
quantitatively investigated the segregation of yttrium
to the grain boundaries of α–A12O3. Their research
results showed that yttrium restricted grain boundary
movement and helped maintain a fine-grained structure.
In a fine-grained oxide structure, the stresses caused by
oxide growth can be relieved easily by diffusional plas-
tic flow, and hence the plasticity and fracture toughness
of the oxide scale are improved. The transformation of

NiO spallation from intergranular to transgranular, as
shown in Figs. 12 and 13, indicates that yttrium is bene-
ficial to improving the plasticity and fracture toughness
of NiO and preventing it from spalling.

4. Conclusions
The effect of yttrium on high temperature cyclic ox-
idation behavior of a Ni-Al-Mo-B alloy IC6 was in-
vestigated in the present study, the results show that
the adherence of scale to the substrate of alloy IC6
is substantially improved by adding proper amount of
yttrium.

The beneficial effects of yttrium on high tempera-
ture cyclic oxidation resistance of alloy IC6 include:
(a) decreasing the harmful effect of sulfur to the adher-
ence between oxide scale and substrate; (b) decreas-
ing the depth of diffusion layer by inhibiting cationic
transportation; (c) promoting the selective oxidation of
aluminum; (d) decreasing the proportion of NiO region
which is easy to be spalled in surface oxide scale; (e) mi-
grating to the oxide grain boundaries and improving the
mechanical strength of grain boundaries.
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