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1. lnlroduclion 

1 he hi,Al intermetallic compound possesses a high 
melting point and high strength. The yield strength has 
been shown Lo increase with increasing temperature 
[I]. Since Ni,AI has the advantages of lower density 
and lower cost for raw materials compared with 
commercial supcralloys. it is a promising substitute fir 
them. However, there exists a major problem of brittle 
intergranular fracture in polycrystalline Ni,AI [24]. 
Aoki and lzumi [5] first reported lhat the brittleness 
01 Ni,AI could he minimized by adding trace amounts 
of boron. Liu et al. [3] showed that room temperature 
elongation of Ni,AI could be increased to 50% by 
controlling the addition of boron, the alloy stoichiome- 
try and the thermomechanical treatment. 

In the development of Ni,AI alloys, zirconium 
addition has been shown to improve high-temperature 
strength and creep resistance [IS]. For engineering 
applications. the effect of zirconium addition on the 
oxidation behavior of this alloy should be considered. 
Taniguchi and coworkers [7,&l indicated that zir- 
conium could form a very adherent oxide scale on the 

cyclic oxidation and isothermal oxidation behavior of 
Ni,AI-ll.lB base containing titanium, zirconium or 
hafnium addition. Pandey ct al. [9] studied the effect 
of zirconium on the cyclic oxidation behavior of Fe- 
lSCr-4AI alloy at l3lMJ”C. and their results show that 
addition of 0.2% zirconium to the bass allov wmres- 
set nodule iormation and provides the best’resi&nce 
to cyc!ic oxidation. Barrett [IO] indicated that small 
nmc~unfs of added zirconium dramatically increase the 
cyclic oxidation resistance of P-NiAI by minimizing 
AI,O, spalling during the cooling cycles, and scale- 
spall resismnce was asswiated with small amotmts of 
ZrO, in the AI,O, scale. Rybicki and Smialek [II] 
observed a discontinuous deerraw in the growth rate 
OS two orders of magnitude at IMWC due to the 
formation of n-Al,O, from &Al,O, on the isothermal 
oxidation of NiAl + Zr. which was performed over a 
fempaaturc range of 84%1200°C. Smialek et al. 1121 
showed that thebarabolic gmwfh rates for the F&l ; 
Hf,Zr.B alloys were about live times higher than those 
for the NiAl +D.lZr alloy. Tan&hi et al. [13] 
indicated that the addition of zirconium to Fe-23Cr- 
5Al resulted in very adherent AI,O, scales after pre- 
oxidation, which did not increase the pmlection time 
of sullidation because the ZrO, particles in the scale 



orovided sites for oreferential sulfide formation. In a 
previous work [I,;]. the penetration of oxides along 
the erain boundaries was seen in the Ni,AI-I at.% 21 

all?vs with or without chromium addition after oxida- 
t;on tests. The present paper shows further that the 
penetration depth of oxides in the Ni,Al-Zr alloys 
depends on the zirconium content and the oxidation 
temperature af!er air exposure in a temperature range 
from 564) to 1300°C. 

3 Results and dixasioD 

The cross-sections of the N&Al alloys contair ing 
O-2 at.% nrconium after air exposure at IIHPC for 72 
h arc shown in Figs. 1(+1(g). If can be seen that the 
oxidation products of the zirconium containing alloys 
penetrated along the grain boundaries into the materi- 
al intenor, and that the penetration oxides nren 

2. Expeiimenlsl procedure 

The N&Al-Zr alloys in the present study were 
mchcd to product. 25 X IM) x 80 mm’ meats from Ni 
and Al of 99.9 pet. purity. and Ni-B and tii-Zr master 
alloys in a YBCUU~ induction furnace. Table I shows 
the-chemical compositions of the Ni,AILZr alloys 
studied. Chemical analysis showed that the oxygen and 
carbon contents in thex alloys were below 70 ppm. 
and that the residual hydrogen content was less than 
LO ppm. The horon co&e&tions for various Ni,AI- 
Zr alloys were 500 _’ 10 ppm. The ingots wcrc cut into 
6 mm thick plates and thermomechanically treated 
rewatedly by cold rolling and annealing in an air 
f&nace in a temperature Loge from IlfW to ICKWC 
for I h. After the lhermomechanical treatment. the 
sheets had a final thickness of I.2 mm, and were then 
sliced into IO X 20 mm’ specimens for oxidation Wsts. 

All the specimens were polished to l2oU grit and 

ultrasonically cleaned with acetone. The oxidation 

tests were conducted in an air furnace at various 
temperatures between 560 and 1300°C with exposure 
periods ranging from 0.5 to 480 h. The cross-sections 
of the oxidned specimens were observed using optical 
and scannine electron micrmcoov. The composition of 
the oxide &de was analyzed h;‘means of an electron 
probe for microanalysis (EPMA). Structural identiiica- 

lion 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 vaiuer 
were obtained to yield the average penetration depth. 

porn: 



imerlocked with the matrix to form an adherent oxide 
scale. The penetration depths of the oxides increased 
wi,h an increase of the zirconium conlen,. as shown in 
Fig. 2. t;owever. penelration of oxides was no, seen in 
,he alloy without zirconium addition. 

Figa. 3(a)-3(g) show ,hc cross-scctionb of ,hr 
Ni,,AL,,Zr, alloy &CT oxidation ~5th a, differen, 
aridizine iemoera,~res helween 564, and 1300°C. I, can 
be scrn’tha, ‘a continuous oxide film formed on the 
ou,er surince a, all the remperatures. The oxidation 
products also penelraed along the grain boundaries 
into tbc matrix of ,be mnlerin,, and the penetration 
depth of the oxidcs increased with an increaw of rhc 
oxidation ,rmpera,ure. as shown in Fig. 4. 

The values obtained by squaring the penetration 
depths of these oxidation products divided by the 
exposure lime. which correspond 10 the square of the 
rexlion raxe conslants. are shown in Table 2. The 
reacdon rate constant nocreased with increasing zir- 
conium content. as shown in Fig. 5. The valuc~ 
ohtemcd by squaring the reaclion ra,r constants of 
Table 2 are also plotted in an Arrhenius diagram in 
Fig. 6. which shows that a linear relationship exists for 
these alloys This implies ,ha, ,he reaction was diffu- 
sion controhed, which is primarily attributable to the 
diffusion of oxygen in ZrO,. However. there is an 
inflectton in these lines a, ,050’C. The acriva,ion 
energies of these alloys shove and below lO5OT were 
calculaled from Fig. 6 and are shown in Table 3. Since 
ZrO, possesses a tetragonal structure above IOSO’C 
and a monoclinic structure below IOWC, the inflec- 
tion might be caused by oxygen diffusion in d?erem 
crystal s,r”c,ures above and helow 1050°C. Ando et al. 
[Ii] showed that the activation energy for oxygen 
self-diffusmn in tctragonal 14 mol% C&+36 mol% 
ZrO, was 355.3 kl mol.’ (84.6 kcal moKi). In addi- 
tion. the activation energy for oxygen lattice-diffusion 



in monochnic ZrO, was found hy lkcma er 81. [Ih] to 
be 87.0 kJ mol ’ (20.7 kcal In”, ‘I. 1 ram OUT reh”ltS. 
the activation energy 01 oxygen diflubion in tetragonal 
ZrO. is larger than that in monoclinic ZrO,. which is 
cons&n1 with the change of slope in the linear 
reflection of Fig. 6 ahove and helow IOIODC. 

Figs. 7(+7(e) z~re the elemenlnl distribution 01 the 
Ni,,AI,,,Zr, alloy after ai: exposure al 1IJD’C for 24 
h. 11 can hc seen that the cxtcmal x&z consists ol an 
outer layer rich in nickel. which was NiO. and an inner 
layer rich m aluminum and zirconium. which was 
A&O, and ZrO,, and that the ZrO, was incmporaled 
into the Al,O, layer. The inner layer extended further 
into the matrix to form the penetration oxides. Thus. 
the AL distribution uf the penetration oxides fell 
behind the Zr distribution of the penetration oxides. 
Likewise, the front of the penetration oxides wns only 
rich in zirconium. When Lhc oxide scale formed. the 
oxygen partial pressure decreased. However. the oxy- 
gen first tended to react with the zirconium, which was 
a slrunglj ticlive element. Then. the oxygen again 
diltoscd through the oxides and reacted with 
aluminum to lorm AI,O,. Fig. 8 is a light-etching 
micrograph of the Ni,,AI,,,Zr, alloy after air exposure 
at 1150°C for 24 h. It shows the depletion of the 
zirconium region and an irregular interface around the 

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

The YRD speclra far the oxide film of the Ni,,Al,, 



alloy are shown in Fig. 10. Only the NiO peaks can be 
found after air exposure at 750°C for 432 h (Fig. IO(a)). 
With an increase of the exposure temperature to 
1050°C (Fig. 10(b)), tile XRD patterns show peaks of 
MO, NiAI,O, and A&D,. With an increase of the 
exposure ampcrature. the intensity of the NiAI,O, 
and AI,O, peaks increases. and the intensity of the 
NiO peaks decreases (Fig. 10(c)). Because the inner 
A&O, film reacts with the outer NiO ti!m to form an 

intensity af the Nib &&s de&&d. 
Fig. 1: shows the XRD spectra for the oxide film of 

the Ni,,AI,Zr, alloy after the oxidation tests. In 
addition to teaks similar to those in Fie. 10 for 
Ni,,AI,,. the’peaks of ZrO, can be observed in the 



alloys with zirconium addition. The intensity of NiO 
peaks is also strong for the alloy after air exbosure at 
750°C for 432 h. Each peak of ZrO, and NiAI,O, can 
rdso bc seen in Fig. II(a). With an increase of the 
cxposurc temperature to 1050°C. the peaks for NiO. 
ZrO,, NiAI,O, and ALO, are as shown in Fig. Ilib). 
The intensity of the Nikl,O,. Al,O, and ZrOL peaks 
increased with increasing exposure temperature. 

Fig. 12 shows XRD spectra for the oxide film of the 
alloys containing 0.0.6 and 2 at.% zirconium after air 
exoosure at 1050°C for 100 h. The intensity of the 
Ni;O, 210,. NiAI,O, and AI,O, oxide p&s in- 
creased with increasing zirconium addition. 

Summarizing the results of the morphological ok- 
sewations and chemical analyses, the penetration 
oxides along the grain boundaries were due to the 
formation of the ZrO, [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 gnin 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 diitribut- 
ed in front uf the penetration oxides. With an increase 



of the zirconium content, the penetration depth of the 
oxides increased. For engineering applications. de- 
creasing the zirconium content could decrease tbc 
penerration depth of the oxides and resull in an 
adherent oxide scale. maintaining the scale-spell resist- 
ance. 

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

addition. penetration of oxides could not be seen. With 
an increase of the rirconium content and the oxidation 
temperature. the penetration depth of the oxides 
increased. The reaction of the penetration oxides was 
dilfusion-controlled, due to the oxygen diffusion in 
ZrO,. An inflection point (IOSO’C) for the Arrhenius 
diagram of the square of the reaction rate constant 
was caused bv the oxveen diffusion in monoclinic 
ZrO, hclow 1050°C and in tetragonal ZrOi above 
1050°C. The zirconium addition assisted the formation 
of an oxide layer in the N&AI alloys. Thus, the 
intensities of the NiO. NiAI,O,. Al,O, and ZrOl 
peaks increased with an increase of the zirconium 
content is the XRD spectra. 


