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Abstract

The oxidation behavior of Ni Al alloys with zirconium additions was studied after long-term air exposurc vver a temperature
range of 560-1300°C. The results showed that the penetration of oxides into Ni,Al-Zr alloys along the grain boundaries was
caused by the formation of ZrO,. The penetration depth of the oxides increased with an increase of the zirconium content and
oxidation temperature. The reaction of the oxides was controlled by oxygen diffusion in allotropic ZrO,, and the lines in the
Arrhenius diagram of the reaction rate constants reflected at 1050°C. However, the penetration of oxides was not scen in the
alloy without zirconium addition. Through electron probe microanalysis and X-ray diffraction, the compositions and siructures

of the oxides for these alloys were alsa determined.
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1. Introduction

The Ni,Al intermetallic compound possesses a high
melting point and high strength. The yield strength has
been shown 1o increase with increasing temperature
[1]. Since Ni;Al has the advantages of lower density
and luwer cost for raw materials compared with

| Hoys, it is a pre g substitute for
them. However there exists a major problem of brittle
intergranular fracture in polycrystalline Ni Al [2-4].
Aoki and Tzumi [5] first reported that the brittleness
of Ni,Al could be minimized by adding irace amounts
of boron. Liu et al. [3] showed that room temperature
elongation of Ni;Al could be increased to 50% by
controlling the addition of boron, the alloy stoichiome-
try and the thermomechanical treatment.

In the development of Ni,Al alloys, zirconium
addition has been shown to improve high- temperature

cyclic oxidation and isothermal oxidation behavior of
Ni,Al-0.1B base containing fitanium, zirconium or
hafnium addition. Pandey ct al. [9] studied the effect
of zirconium on the cyclic oxidation behavior of Fe-
15Cr-4Al alloy at 1300°C, and their results show that
addition of 0.2% zirconium to the bas alloy suppres-
ses nodule formation and provides the best resistance
to cyclic oxidation. Barrett [10] indicated that small
amcunts of added zircenium dramatically increase the
cyclic oxidation resistance of 8-NiAl by minimizing
Al O, spalling during the cooling cycles, and scale-
spall resistance was associated with small amounts of
Z10, in the Al,O, scale. Rybicki and Smialek [11]
observed a discontinuous decrease in the growth rate
of two orders of magnitude at 1000°C due to the
formation of a-Al,O, from 8-Al,O, on the isothermat
oxidation of NiAl+ Zr, which was performed over a
temperature range of 800-1200°C. Smialek et al. [12]

h and creep [6] For ing
applications, the effect of zirconium addition on the
oxidation behavior of this alloy shonld be considered.
Taniguchi and coworkers [7,8] indicated that zir-
conium could form a very adherent oxide scale on the
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howed that the parabolic growth rates for the FeAl +
Hf,Zr,B alloys were about five times higher than those
for the NiAl+0.1Zr alloy. Taniguchi et al. [13]
indicated that the addition of zirconium to Fe-23Cr-
SAl resulted in very adherent Al,O, scales after pre-
oxidation, which did not increase the protection time
of sulfidation because the ZrQ, particles in the scale
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¥ d sites for prefe | sulfide formation. In a
previous work [14], the penetration of oxides along
the grain boundarics was seen in the Ni Al-1 at.% Zr
alloys with or without chromium addition after oxida-
tion tests. The present paper shows further that the
penetration depth of oxides in the NiyAl-Zr alloys
depends on the zirconium content and the oxidation
temperature after air exposure in a temperature range
from 560 to 1300°C.

2. Experimental procedure

The Ni,Al-Zr alloys in the present study were
melted to produce 25 X 100 X 80 mm” ingots from Nj
and Al of 99.9 pct. purity, and Ni-B and Ni-Zr master
alloys in a vacuum induction furnace. Table 1 shows
the chemical compositions of the Ni,Al-Zr alloys
studied. Chemical analysis showed that the oxygen and
carbon contents in these alloys were below 70 ppm.
and that the residual hydrogen content was less than
10 ppm. The boron concentrations for various Ni;Al-
Zr alloys were 500 = L0 ppm. The ingots were cut into
6 mm thick plates and thermomechanically treated
repeatedly by cold rolling and annealing in an air
furnace in a temperature range fromn 1100 to 1000°C
for 1 h. After the thermomechanical treatment, the
sheets had a final thickness of 1.2 mm, and were then
sliced into 10 20 mm”® specimens for oxidation tests.

All the specimens were polished to 1200 grit and
ult: ically cl d with The oxidation
tests were conducted in an air furnace at various
temperatures between 560 and 1300°C with exposurc
periods ranging from 0.5 to 480 h. The cross-sections
of the oxidized specimens were observed using optical
and scanning electron microscopy. The composition of
the oxide scale was analyzed by means of an electron
probe for microanalysis (EPMA). Structural identifica-
tion of the oxides was performed by using an X-ray
diffractometer (XRD). The penetration depths of the
oxides were measured from the surface to the front of
the oxides by means of optical microscopy; 50 vaiues
were oblained to yield the average penetration depth.

Table 1

Chemical compositions of the Ni, Al-Zr alloys studied

Alloy Ni(w.%) Al(wt%) Zr(wt%) B{wt%)
Ni,,Al, bal. 11.48 - 005

Nip, Al Z1,,  bal 1128 0.53 005
NijAly, Zry,  bal. 11.08 105 005
NigAly, ;2r,,  bal. 1095 140 05
NijAl,Zr,  bal. 1082 174 005

Niz Al Zr,  bal 10.5¢ 260 005

Ni,, Al Zr, bal. 10.18 344 005

3. Results and discussion

The cross-sections of the Ni;Al alloys contair ing
0-2 at.% zirconium after air exposure at 1150°C for 72
h are shown in Figs. 1{a)-1(g). It can be seen that the
oxidation producis of the zirconium containing alloys
penetrated along the orain boundaries into the materi-
al interior, and thit the penetration oxides men

(a)

Fig. 1. The cross-sections of the Ni,Al alluys containing (a) 0%, (b)
0.3%, (¢) 0.6%. (d) 0.8%, (&) 1%, (i) 1.5% and (g) 2% zirconium
after air exposure at 1150°C for 72 h.
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interlocked with the matrix to form an adherent oxide
scale. The penetration depths of the oxides increased
with an increase of the zirconium content, as shown in
Fig. 2. Fiowever, penetration of oxides was not seen in
the alloy without zirconium addition,

Figs. 3{a)-3(g) show the cross-sections of the
Ni Al Zr, alloy after oxidation tests at different
axidizing temperatures between 560 and 1300°C. It can
be seen that a continuous oxide film formed on the
outer surface at all the temperatures. The oxidation
products also penetrated along the grain boundaries
into the matrix of the material, and the penetration
depth of the oxides increased with an increase of the
oxidation temperature, as shown in Fig. 4.

The values obtained by squaring the penetration
depths of these oxidation products divided by the
exposure time. which correspond to the square of the
reaction raie constants. are shown in Table 2. The
reaction rate constant increased with increasing zir-
conium content, as shown in Fig. 5. The values
obtaincd by squaring the reaction rate constants of
Table 2 are also ploited in an Arrhenius diagram in
Fig. 6, which shows that a linear relationship exists for
these alioys. This implies that the reaction was diffu-
sion controlied, which is primarily attributable to the
diffusion of oxygen in ZrQ,. However, there is an
inflection in these lines at 1050°C. The activation
energies of these alloys above and below 1050°C were
calculated from Fig. 6 and are shown in Table 3. Since
ZrO, possesses a tetragonal structure above 1050°C
and a monoclinic structure below 1050°C, the inflec-
tion might be caused by oxygen diffusion in different
crysial structures above and below 1050°C. Ando et al,
[15] showed that the activation energy for oxygen
self-diffusion in tctragonal 14 mol% CeQO,-86 mol%
ZrQ, was 355.3 kI mol ™' (84.6 kcal mol™'). In addi-
tion, the activation energy for oxypen lattice-diffusion
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Fig. 2. The penctration depth of the oxides (x) versus the zirconium
content (Zr%) for Ni,Al-Zr alloys at 1150°C for 24, 48 and 72 h.
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Fig. 3. The cross-sections of the Ni,,Al,,Zr, alloy after air exposure
at various temperatues: (1) 560°C, 480 h; (b} 850°C, 360 h: {c)
950°C, 288 h; (d) 1050°C, 192 h: (e) 1150°C, 72 h: (f) 1200°C. 48 h
and {g) 1300°C, 4 h.
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Fig. 4. The penctration depth of the oxides (x) versus the oxidation
wmpeiature 7 for Ni,Al-Zr alloys over 12 h.

in monoclinic ZrQ, was found by tkuma et al. [16] to
be 87.0 kJ mol ! (20.7 keal mol™'). Yrom our results,
the activation energy of oxygen diffusion in tetragonal
Zr0, is larger than thai in monoclinic ZrO,. which is
consistent with the change of slope in the linear
reflection of Fig. 6 above and below 1050°C.

Figs. 7(a)-7(e) are the elemental distribution of the
Niy Al Zr, alloy after aiv exposure at 1150°C for 24
h. It can be seen thal the external scale consists of an
outer layer rich in nickel. which was NiO. and an inner
layer rich in aluminum and zirconium. which was
Al,O, and ZrO,, and that the ZrO, was incorporated
into the Al,O, layer. The inner layer extended further
into the matrix to form the penctration oxides. Thus.
the Al distribution of the penetration oxides fell
behind the Zr distribution of the penetration oxides.
Likewise, the front of the penetration oxides was only
rich in zirconium. When the oxide scale formed. the
oxygen partial pressure decreased. However, the oxy-
gen first tended to react with the zirconium, which was
a strongly active element. Then, the oxygen again
diffused through the oxides and rcacted with
aluminum to form Al,O;. Fig. 8 is a light-eiching
micrograph of the Ni, Al.,Zr. alloy after air exposure
at 1150°C for 24 h. [t shows the depletion of the
zirconium region and an irregular interface around the

Table 2

o8
Zrt%)

Fig. 5. The reaction rate constant & versus the zirconium content
{Z1"% ) for the Ni.Al-Zr altoys at different oxidation temperatures.

VT Qo'

Fig. 6. Arrhenius diagrams of the squarc of the reaction rate
constants for the Ni,Al-Zr alloys with various irconium contents.

oxides which penetrated along the grain boundaries.
Figs. Y(a) and Y(b) are the EDX spectra obtained from
the de-zircorium region and the interior of the matrix.
It shows that the penectration oxides consumed the
zirconium and left the region depleted of zirconium
around the penctration oxides. Also, the Al intensity
of the region was less than that of the matrix shown in
Fig. 9.

The XRD spectra for the oxide film of the Ni,,Al,,

The reaction rate constants «(zm h "'*) of the penetration oxides for the Ni,Al-Zr alloys

o) NiggAly 250 NipAlyy Zry

Niy Al :Zr, Ni, Al Zr, NisyAL, 21, NiALZr,
1300 3137 4433 63.73 105.54 13190 175.16
1250 17.69 26.48 40.77 64.34 80.10 .67
1200 10.89 16.32 2445 3863 49.41 61.31
1150 629 BA3 11.64 20.67 24.64 3221
1050 351 543 6.86 849 1081 14.05

950 182 2.50 337 439 5.67 7.01

850 0.94 136 179 230 29 377

750 0.36 0.56 077 0.96 1.24 1.55
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Table 3
The activation energy of the penetration oxides for the Ni,Al-Zr
alloys

Alloy Activation energy (keal mol ')
T<1050°C 7>1050°C
NiyAly 128, a2 943
Ni, Al Zr,, 399 %6
Nis Al +Z1, 386 9.8
Niy Al Zr, 394 96.2
Nip Al 21, 385 983
Nis Al 2r, 3’9 9.1

alloy are shown in Fig. 10. Oaly the NiO peaks can be
found after air exposure at 750°C for 432 h (Fig. 10(a)).
With an increase of the exposure temperature to
1050°C (Fig. 10(b)), the XRD patterns show peaks of
NiQ, NiAlL,Q, and Al,O,. With an increase of the
exposure temperature, the intensity of the NiAlLO,
and Al,O, peaks increases, and the intensity of the
NiO peaks decreases (Fig. 10(c)). Because the inner
Al,O, film reacts with the outer NiO film to form an

Fig. 8. The cross-section of the Ni,, Al,,Zr, alloy after air exposure
at 1150°C for 24 h.

intermediate NiAl,Q, layer at high temperatures, the
intensity of the NiQO peaks decreased.

Fig. 11 shows the XRD spectra for the oxide film of
the Ni, Al Zr, alloy after the oxidation tests. In
addition to peaks similar to those in Fig. 10 for
Ni,;Aly,, the peaks of ZrQ, can be observed in the

~ S

Fig. 7. The distribution of elements of the NI"Aler, alloy determined by EPMA after air exposure at 1150°C for 24 I: (a) the secondary
electron image, (b) nickel, {c} aluminum, (d) zirconium and (e} atygen.
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Fig. 9. EDX spectra obtained from (a) the de-zirconium region and
(b} the interior of the matrix as shown in Fig. 8.

alloys with zirconium addition. The intensity of NiO
peaks is also strong for the alloy after air exposure at
750°C for 432 h. Each paak of ZrO, and NiAl,O, can
also be seen in Fig. 11(a). With an increase of the
cxposure temperature to 1030°C, the peaks for NiO,
Zr0,, NiAl,O, and AlL,O, are as shown in Fig. 11{b).
The mtensny of the NIAI ,0,. Al,0, and ZrO, peaks
d with i tcmpcra\urc

Fig. 12 shows XRD spectra for the oxide film of the
alloys containing 0, 0.6 and 2 at.% zirconium after air
exposure at 1050°C for 100 h. The intensity of the
NiO, ZrQ,, NiAl,O, and AlL,O, oxide peaks in-
creased with increasing zirconium addition.

Summarizing the results of the morphological ob-
servations and chemical analyses, the penetration
oxides along the grain boundaries were due to the
formation of the ZrQO, [14]. Oxygen diffused through
the outer oxide layers to the interface of the penetra-
tion oxides and reacted with zirconium, which diffused
along the shortest path (the grain boundaries) to the
interface to form the intergranular ZrO,, and this
exhausted the zirconium and left a de-zirconium
region. It was confirmed that zirconium was distribut-
ed in front of the penetration oxides. With an increase
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10. XRD spectra of the oxide scales for the Nij, Al,, alloy after
air exposure at various temperatures: {a) 750°C, 432 h; (b) 1056°C.
100 h and (¢) 1200°C. 48 h.
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Fig. 11. XRD spectra of the oxide scales for the Ni, Al Zr, alloy
after air exposure at various temperatures: (a) 750°C, 432 h: (b)
1050°C, 100 h and (c) 1200°C. 48 h.
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Fig. 12. XRD spectra of the oxide scales for the Ni.Al alloys

containing {a) 0%. (b) 6% and (c) 2% rirconium after air
exposure al 10S0°C for 100 b

of the zirconium content, the penetration depth of the
oxides increased. For engineering applications, de-
creasing the zirconium content could decreasc the
penetration depth of the oxides and result in an
dh oxide scale. the scale-spall resist-

ance.

4. Conclusions

The oxides which formed on the Ni,Al-Zr alloys
penetrated along the grain boundaries into the matrix.
This was caused by the formation of ZrQ,, which
could interlock with the matrix to form an adherent
oxide scale. In the Ni Al alloy without zirconium

addition. penetration of oxides could not be seen. With
an increase of the zrconium content and the oxidation
temperature, the penetration depth of the oxides
increased. The reaction of the penetration oxides was
diffusion-controlled, due to the oxygen diffusion in
Zr0,. An inflection point (1050°C) for the Arrhenius
diagram of the square of the reaction ratc constant
was caused by the oxygen diffusion in monaclinic
ZrQ, below 1050°C and in tetragonal ZrO, above
1050°C. The zirconium addition assisted the formation
of an oxide layer in the Ni;Al alloys. Thus, the
intensities of the NiO, NiAl,O,, AlLO; and ZrO,
peaks increased with an increase of the zirconium
content in the XRD spectra.
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