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Abstract—Ni—33Al-34Cr and Ni—33Al-28Cr—6Mo (at %) eutectic alloys were produced by the resistive
sintering (RS) technique using elemental powders. The cycle oxidation behaviors of alloys at 800, 900, and
1000°C for 168 h in air atmosphere were investigated. The oxidation resistance of alloys was evaluated by the
weight change measurements. The activation energy for NiAl—34Cr and NiAl-28Cr—6Mo alloys was 57 and
31 kJ mol ™', respectively. X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dis-
persive spectroscopy (EDS) were performed to characterize the initial microstructure and the oxidation
products. The obtained results showed that the oxidation products mainly consist of Cr,05, 0.-Al,05, NiO,

and NiAl,O, oxides.
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INTRODUCTION

The NiAl intermetallic compounds have drawn
attention as materials for high-temperature applica-
tions thanks to their superior properties such as high
melting point (1638°C), lower density (=5.9 g/cm?),
high thermal conductivity (>6 W/m/K), and high cor-
rosion and oxidation resistance at high temperatures
[1-3]. However, these materials have low fracture
toughness, low plasticity at room temperature, poor
creep resistance, and low strength at high tempera-
tures [3]. In order to enhance their strength properties,
refractory metals, such as Mo, W, and Ta, are intro-
duced into the NiAl alloys [2]. Bei et al. [4] and Fer-
randini et al. [5] reported that after the refractory
metal Mo was added to the NiAl alloy the latter
acquired superior mechanical properties. It is worth
mentioning that among NiAl—(Cr,Mo) -eutectic
alloys, NiAI-28Cr—6Mo (at %) alloy is considered as
one of the most attractive materials because of its
unique combination of high fracture toughness at
ambient temperature, good ductility, and adequate
high-temperature strength [3].

The resistive sintering (RS) technique has attracted
attention as a new powder metallurgy approach for
producing intermetallics, ceramics, and composite
materials. The RS process is regarded as an ever-grow-
ing and effective fabricating technology. The most sig-
nificant property of the RS is that the powder or the
green compact is heated by the Joule effect and thus,

the materials can be synthesized uniformly and rap-
idly. As a result, materials with high density and fine
microstructure can be to obtain in very short process-
ing time [6—8].

Many investigations have been conducted on the
oxidation behavior of NiAl-based alloys [9, 14]. How-
ever, little attention has been attracted to the oxidation
behavior of NiAl—(Cr,Mo) eutectic alloys. Among
many papers related to oxidation [15, 16] only several
refer to cyclic oxidation properties of NiAl—(Cr,Mo)
alloys. Therefore, evaluation of the cyclic oxidation
properties of NiAl—(Cr,Mo) eutectic alloys is of great
importance.

EXPERIMENTAL DETAILS
Material Preparation

The eutectic alloys with a nominal composition of
Ni—33A1-34Cr and Ni—33Al-28Cr—6Mo (at %)
were produced by resistive sintering (RS) technique.
The powders contain Ni (99.8%, size 3—7 um),
Al (99.5%, size 10 um), Cr (99.8%, the particulate size
5 um), and Mo (99.9%, size 3 um). According to the
nominal composition, all powders weighed by using
the electronic balance.

The mechanical mixer was used to obtain a homog-

enous powder mixture for a period of 5 hours at a rota-
tion speed of 180 rev./min in a dry environment. Then
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Fig. 1. XRD patterns of (a) NiAl—34Cr, (b) NiAI—-28Cr—
6Mo alloys produced by RS.

6 g of powder mixture was filled into a steel die with a
20 mm internal diameter. The powder mass was sin-
tered via RS by applying a sintering pressure of 80 MPa
at 4200 amperes for 35 minutes in the air. The applied
pressure was maintained up to the end of the process.
At the completion of sintering, the sintered sample
was taken from the die using uniaxial load and was
allowed to cool down to ambient temperature.

Cyclic Oxidation Test

Before the hot corrosion test, the original surface
area of each samples was at tested using the Solidworks
and then weighed by an electronic scale with an accu-
racy of 0.01 mg. The oxidation tests were conducted in
an electric resistance furnace at 800, 900, and 1000°C
with 14 cycles up to 168 h. A cycle involves heating the
samples to the test temperature and holding them in
the furnace for 12 h. At the end of the cycle, the sam-
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ples were removed from the furnace and then air
cooled in/at room temperature. Afterwards, the sam-
ples were again weighed to evaluate the oxidation
kinetics. This procedure was reapplied for each oxida-
tion cycle.

Characterization

In order to perform the SEM studies, the sintered
samples were gradually grounded by SiC papers up to
1200 m and subsequently polished using 1-m disper-
sion diamond paste. The relative densities of the sam-
ples were calculated by Archimedes’ principle, based
on the immersion technique in distilled water. The
microhardness of the samples was determined using
Vickers diamond indenter. For both samples, 4 mea-
surements were performed using the application of a
100 g load for a 10 sec. dwell time and then the average
of 4 measurements was recorded.

X-ray diffraction analysis (Rigaku, D/MAX-
B/2200/PC) was employed to identify the phase con-
stitution of the samples and oxidation products using
diffractometer with Cu Ko radiation and operated at
40 kV and 40 mA. Data were obtained in result of
scanned in the 20 range from 20° to 90°. The surface
morphologies of the oxidation products were charac-
terized by a scanning electron microscope (SEM,
JEOL) and microanalysis as carried out by means of
an energy dispersive spectroscopy (EDS).

RESULTS AND DISCUSSION
Oxidation Behaviors

XRD analysis of produced NiAl—34Cr and NiAl—
28Cr—6Mo (at %) alloys are shown in Fig. 1. Accord-
ing to XRD analysis, the alloys were composed of Cr
and NiAl phases. In the NiAl-Cr phase diagram,
phase transformation was reported as a result of eutec-
tic reaction (L = A2 + B2) [17].

The chromium-rich disordered A2 solid solution
with low NiAl solubility and the NiAl-rich ordered B2
solid solution with low Cr solubility can be seen in the
NiAI—-Cr phase diagram. From the SEM images in
Fig. 2a, it is obvious that the microstructure of the
Ni—33Al-34Cr alloy consists of two different phase
areas.

The results of EDS analysis in Table 1 show that the
area marked as 1 is a Cr rich phase while the one
marked as 2 is a NiAl phase with low Cr concentration.
The solubility of the chromium element in the NiAl
phase is reported to be about wt % 1—5 [18]. Further-
more, the SEM image in Fig. 2a shows that the NiAl
phase with a flat surface morphology tends to form Cr
phase at the grain boundaries. The presence of Mo-
rich white tone phase areas (marked as 4) in the micro-
structure can be seen in the SEM image of the NiAl—
28Cr—6Mo alloy (Fig. 2b).
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The densities of the alloys determined by Archime-
des’ principle are given in Table 2. The relative densi-
ties obtained by dividing the measured density values
and the calculated theoretical density values give
knowledge concerning the porosity level of the alloys.
It was also observed that the relative densities of Mo-
free alloy were higher in comparison to other alloy.

The microhardness values of the NiAl—34Cr and
NiAl-28Cr—6Mo alloys are found to be 288 £ 18 HV,,
and 306 £ 14 HV,,, respectively. A slight increase in
the hardness of the alloy was observed with the addi-
tion of molybdenum.

As is mentioned in the experimental procedure, the
cyclic oxidation kinetics of the alloys was investigated
at 800—1000°C for 168 h. The kinetics of oxidation of
the alloys was determined as a function of time based
on the weight change per unit area [6]:

_ (my —my)
AW = y , (1)

where AW is the weight change per unit area (mg cm?),
m is the initial weight (mg), m, is the weight after each
cycle (mg), A is the total surface area of the alloy
(cm?). The correlation coefficients and equations con-
cerned with weight change data are listed in Table 3.

The weight change per unit area of the alloys as a
function of time is shown in Figs. 3a, 3b). The weight
change per unit area of both alloys increased with
increasing temperature. As oxidation time increased,
the oxidation rate of the alloys decelerated and the
weight changes of both alloys were the smallest in the
last (final) 48 hours. The weight change was associated
with the exfoliation of oxidation products formed on
the surface, when the oxidation products had good
adhesion to the substrate, the positive weight change
occurred. In contrast, when the oxidation products
exfoliated, the negative weight change was recorded
[19]. When the oxidation temperature was elevated
from 800 to 1000°C, the weight change of NiAl—-34Cr
alloy increased approximately 3 times, while that of
NiAl-28Cr—6Mo alloy increased approximately
3.5 times. This increase in weight change shows that
temperature has a significant effect on the oxidation
behavior of alloys. During the initial stage of the oxi-
dation test at 1000°C, a pronounced weight change
was experienced by both samples. The reasons for this
phenomenon can be attributed to two considerations.
First one is that the diffusion rate of oxygen and
metallic cations increases because of the elevation in
temperature, and another one is that the alloy surfaces
are fresh. After oxidation for 168 h, the overall weight
change of the NiAl-34Cr and NiAl-28Cr—6Mo
alloys were 21.25 and 19.86 mg cm™2, respectively.

For all test temperatures the weight change of the
Mo-containing alloy is less than that of the other alloy.
Thus, it can be concluded that the addition of Mo has
an effect which reduces the weight change of the alloy.
Peng et al. [3] examined the isothermal oxidation
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Fig. 2. SEM images of the microstructures of produced
(a) NiAl—34Cr, (b) NiAl-28Cr—6Mo alloys.

behavior of various NiAl—(Cr,Mo) eutectic alloys at
900°C and found that the weight change of the at %
NiAl—-10Mo alloy decreased significantly around

Table 1. Chemical compositions of points shown in Fig. 2

Ana.ly51s Element, at %
Points

Ni Al Cr Mo
1 4.7 49 90.4 —
2 58.2 359 5.9 —
3 42.7 54.0 2.2 1.1
4 32.5 30.4 26.3 10.8
5 20.0 16.8 58.8 4.4

Table 2. Density values of alloys produced by RS method

All Measured, | Theoretical, | Relative,
oys

Y g/cm? g/em? %
NiAl-34Cr 5.68 5.79 98.10
NiAl-28Cr—6Mo 591 6.04 97.85
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Table 3. Various equations determined by regression analysis of weight change data (Figs. 3a, 3b)

800°C 900°C 1000°C
Alloy
AW R? AW R? AW R
NiAl-34Cr 0.2315 /26338 0.98 2.0718 {03782 0.99 6.0712 {0-2304 0.98
NiAI-28Cr—6Mo 1.3827 {0280 0.97 0.9178 £0-5036 0.98 4.4843 {0-3056 0.94

1.1 h. The authors attributed this to the volatilization
of MoO; above 700°C. A similar result was observed in
the oxidation study of NiAl-20Mo (at %) alloy by Ray
et al. [20].

No weight loss was observed in NiAl-28Cr—6Mo
alloy related to the evaporation of MoQj at the begin-
ning of oxidation in the weight change Kinetics
obtained in this study at 800—1000°C. We believe this
is due to the low Mo content of the studied alloy com-
pared to those reported. It should be noted that during
the cyclic oxidation test, no scale spallation was
observed for both alloys.

The data of weight change per unit area (AW) of
the alloys versus oxidation time (7) have been analyzed
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to obtain the Kkinetic parameters such as oxidation rate
constant (k,,) and oxidation rate exponent (#). A power
law equation is used as follows [6]:

(AW)" = k. (2)
Taking the logarithm of Eq. (2) as follows we have:
In(AW) = (1/n)Inkn + (1/n)Int. (3)

Thus, the values of n can be determined by analysis
of the slope of the best fit line for a double logarithm
plot of the weight change per unit surface area versus
oxidation time. The oxidation rate exponent is based
on the parameter n =1/R, which is the reverse of the
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Fig. 3. Plots of weight change vs. oxidation time and In (AW) vs. In (t) for the oxidized alloys, (a, c) NiAl—34Cr, (b, d) NiAl—

28Cr—6Mo.
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Table 4. Calculated values of n and oxidation rate constants (k,,, mg" em™2" h~1) for the oxidized alloys at 800—1000°C

800°C 900°C 1000°C
Alloy
n k, k, n k,
Ni—33A1-34Cr 2.38 0.5364 1.2129 1.85 1.407
Ni—33Al-28Cr—6Mo 2.77 0.7057 0.9445 1.81 1.2122

slope determined from the linear regression in
Figs. 3c, 3d.

The relationship between the n value and the oxi-
dation kinetics can be described as follows: n =1, 2, 3
correspond to linear, parabolic, and cubic kinetics,
respectively.

It can be said that the oxidation kinetics of the
alloys at 800°C obeys a rate law intermediate between
parabolic and cubic, while those of the alloys at 900
and 1000°C obey parabolic and nearly parabolic
kinetics, respectively. After the determination of oxi-
dation Kkinetics models for studied alloys, the values of
oxidation rate constants (k,) can be obtained from a

linear regression fitting of (AW)" against time. The
corresponding rate exponents (n) and oxidation rate
constants are presented in Table 4.

By considering the listed data in Table 4, the values
of k, decrease with the temperature decrease for the
alloys. It is worth noting that a lower value of oxidation
rate constant would mean a smaller rate of oxidation.
On the base of k, value, the oxidation resistance of
NiAI-28Cr—6Mo alloy at 900 and 1000°C is higher
than that of NiAI-34Cr alloy, but NiAI-28Cr—6Mo
alloy exhibits lower oxidation resistance at 800°C as it
follows cubic kinetics law. It was found that the &,
value of NIAI-28Cr—6Mo alloy decreased by 30%
compared to the other alloy at 900°C where parabolic
oxidation kinetics was observed. The parabolic rate
kinetics is controlled by diffusion species involved in
oxidation and, as oxidation time increases, the dis-
tance that the ions will diffuse to increases depending
on the oxide scale thickness [6]. It was suggested that
the addition of Cr has the effect of increasing the par-
abolic rate constant of NiAl alloys [3]. In addition, it
was reported that the oxidation behavior of NiAl—Cr
alloys is greatly affected by the oxides formed on the
surface such as 8-Al,0,, ¢-Al,0;, and Cr,0;. Besides,
influence of Cr addition on the oxidation resistance of
NiAl-0.05Hf (at %) alloy was studied by Leyens et al.
and they found that Cr element (up to 10 at %) has
harmful effects on the oxidation behavior at 1100—
1200°C [9]. The activation energy for oxidation can be
estimated from Fig. 4 by considering that the relation
between the oxidation rate constant and the tempera-
ture and can be expressed by an Arrhenius type equa-
tion: k, = kyexp(—Q/RT), where k, is the frequency
factor, Q is the activation energy, R is the gas con-
stant, and T is the temperature (K). Thus, the slope
of the best-fit line in the Arrhenius plot corresponds
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to Q/R. The calculated activation energy values for
NiAI—-34Cr and NiAl-28Cr—6Mo alloys were 57 and

31 kJ mol~!, respectively.

Figures 5a, 5b indicates the XRD patterns of the
oxidized surfaces. According to XRD analysis results,
oxide scales of both alloys consist of Cr,05, a-Al,O5,
NiO, and NiAl,O, phases. In addition to these oxide
phases, XRD patterns was found in extremely high-
intensity matrix phases, which means that the oxide
scale formed on the surface of the alloys is thin.

The reactions that may occur during the oxidation of
the alloys examined in this study are listed in Table 5. It
was reported that the NiAl,O, spinel can exist in ther-
modynamic equilibrium with Al;O5, NiO and Ni in
the ternary Ni—Al—O equilibrium at 1000°C [16]. The
surface morphologies of the alloys after oxidation at
800—1000°C for 168 hours are shown in Fig. 6. The
chemical compositions corresponding to the points
are presented in Table 6. After oxidation of NiAl—
34Cralloy at 800°C, it was found that the surface con-
sists of dark (marked as 1) and bright (marked as 2)
phase areas. According to the EDS analysis results in
Table 6, the chemical composition of the dark area
corresponds to Al,O, and that of the bright area corre-
sponds to Cr,0,. Since the growth rate of Cr,0, was
larger than that of Al,O4 [21], the surface could not be
rapidly covered by Al,Os, resulting in the formation of
undulant morphology. In addition, Cr,O, may play an

Temperature, °C
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T T T
— 05+
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=
q
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=
1]
E
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[ ]
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Fig. 4. Arrhenius plot of the logarithm of k,, at investigated
temperatures vs. /7.
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Fig. 6. SEM surface morphologies of oxidized alloys at 800—1000°C for 168 h.

important role against oxidation at lower temperature
(T < 1000°C) but volatile CrO; is formed at a higher

temperature.

The vaporization of CrO; changes depending on
the oxidation temperature and time. The higher mag-

nification of point 1 indicates that Al,O, grains formed
on the NiAl-34Cr alloy had rod-like morphology.
When the oxidation temperature is elevated at 900°C,
it was observed that the Al,O; morphology formed at
800°C changed into a round shape. The chemical

Table 5. The values of Gibbs free energy for possible reactions (kJ/mol) (calculated by HSC Chemistry 6.0)

Reaction AGyyy AGoog AGrogo
1/3A1, + Oyg = 2/3AL05, —891.14 —869.04 —847.01
4/3Cr + Oy = 2/3C1y05,) —568.66 55199 ~535.36
Nig) + 17205, = NiO(s) —142.21 —133.57 —124.97
NIO(S) + A1203(s) = NiAJzO4(S) - - —18.7
MoOs(s) + Ni +1/20,,, = NiMoO, ~129.02 —96.81 —63
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 121 No. 13 2020
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Table 6. The chemical composition of points 1—10 shown
in Fig. 6

Analysis Element, at %
points Ni | Al Cr [ Mo] O
1 0.8 34.7 5.6 — 58.9
2 0.6 0.8 33.6 — 65

3 0.4 331 6.9 — 59.6

4 0.2 4.3 33.6 — 61.9

5 1.2 34.2 6.9 — 57.7

6 14.2 27.6 2.1 — 56.1

7 0.6 13.8 24.3 0.4 60.9

8 3.1 32.1 4.4 0.3 60.1

9 44.7 1.4 34 0.1 50.4
10 40.1 3.2 4.8 0.1 51.8

composition of the bright area (marked as 4) corre-
sponds to Cr,0; (Table 6). After 168 hours of exposure
at 1000°C, the magnified SEM image of point 5 shows
that there was an Al,O5 with a denser morphology. The
Ni : Al ratio at point 6 is found to be about 1 : 2 in the
EDS analysis results. This obtained result can be evi-
dence of the formation of the NiAl,O, phase, which is
confirmed by XRD analysis. After 168 hours of oxida-
tion at 800°C, the surface of the NiAl-28Cr—6Mo alloy
consists mainly of gray (point 7) and dark (point 8) areas.
As can be seen in the EDS analysis results, the gray
phase region consists of an aluminum and chromium
oxide mixture, while the dark region consists of alumi-
num oxide. From the high magnification SEM image
of point 7, it can be seen that the oxide grains have a
blade-like morphology. The surface morphology of
the alloy after oxidation at 900 and 1000°C for
168 hours is quite different from that of the NiAl—
34Cr alloy at the same temperature as it can be seen at
Fig. 6. The alloy surface is entirely covered with poly-
hedron oxide grains. By considering the data in Table 6,
it can be said that the formed oxide on the alloy was
NiO. It is worth mentioning that the size of oxide
grains increased with the increase of oxidation tem-
perature.

CONCLUSIONS

In the present study, the cyclic oxidation behavior
of NiAI-34Cr (at %) and NiAl-28Cr—6Mo alloys
produced by RS method was studied at 800, 900, and
1000°C for 168 h. The following main conclusions can
be drawn from this study:

(1) NiAl-34Cr and NiAl-28Cr—6Mo (at %)
alloys consisted of NiAl + Cr and NiAl + CrMo
phases, respectively.

(2) The values of micro hardness and relative den-
sity of the NiAl—-34Cr and NiAl-28Cr—6Mo alloys
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are found to be 288 = 18 HV,, and 306 £ 14 HV,,,
98.10 and 97.85% respectively.

(3) NiAl-34Cr alloy approximately follows para-
bolic oxidation kinetics (7 = 2) in the temperatures
ranging from 800 to 1000°C, whereas NiAI-28Cr—
6Mo alloy about follows parabolic oxidation Kinetics
(n = 2) at 900—1000°C. However, NiAl-28Cr—6Mo
alloy nearly follows cubic oxidation kinetics (n = 2.77)
at 800°C. The activation energy for NiAl-34Cr and
NiAl-28Cr—6Mo alloys was 57 and 31 kJ mol™',
respectively.

(4) Cr,05, 0-Al, 04, NiO, and NiAl,O, phases were
determined on the surfaces of oxidized alloys at 800—
1000°C for 168 hours.
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