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ABSTRACT: We report on the high temperature oxidation behavior and stability of
nickel−chromium (Ni:Cr at 80:20 wt %) alloy nanoparticles (NPs) at temperatures
up to 973 K. Structural characterization of the oxidized Ni−Cr NPs provides
evidence for the inhomogeneous oxide formation with the presence of NiO,
NiCr2O4, and Cr2O3 phases, indicating a degradation in the oxidation resistance of
Ni−Cr NPs compared to comparable bulk compositions. Chemical identiﬁcation
coupled with thermogravimetric analysis indicates an increase in the activation
energy for oxidation reaction from 1.69 to 2.98 eV for conversion ratios of 0.1 to
0.56, respectively. The higher activation energy values compared to those reported
for Ni NPs at similar conversion ratios demonstrate the superior oxidation resistance
of Ni−Cr NPs compared to Ni NPs. Theoretical modeling of the experimental data
suggests that the reaction kinetics were diﬀusion dominated and could be described
by the classical Jander 3D diﬀusion model. The implications of these experimental data and modeling aspects are discussed to
demonstrate the potential of these Ni−Cr NPs for high temperature applications.
minimum Cr content of about 10 wt % is required.23 The oxide
scale in such cases is stable with no evidence of undesirable
spinel (NiCr2O4) and only a thin NiO layer present from the
time of oxide nucleation.23 For bulk Ni−Cr alloys with Cr
content ≤10 wt %, however, the oxide scale is unstable and
consists of micrometer-length-scale layers of an outer zone of
NiO, an intermediate zone of NiO containing spinel particles
(i.e., NiCr2O4), and an inner region containing Cr2O3 particles
embedded in nearly pure Ni.24,25 As would be expected, the
bulk Ni−Cr alloys with 20 wt % Cr (i.e., the alloy composition
chosen for the current study) form a highly stable oxide up to
800−1200 °C.23,26,27
It is known that at nanoscales the high surface-to-volume
ratio of the oxidizing species promotes the inward diﬀusion of
oxygen and outward diﬀusion of metal ions through the oxide
layer, required for the continued oxidation reaction.28−33
Although the details of Ni−Cr NP oxidation, and hence its
stability, are largely unknown, several recent in situ TEM
observations have shed some light on oxidation initiation in Ni−
Cr alloys.34,35 Initial stages of Ni−9 wt % Cr oxidation using
environmental TEM showed a step-by-step adatom growth
mechanism in 3D with a nonuniform oxidation due to local
surface kinetic variations.35 Further, it was reported that for
Ni−Cr alloys with Cr content lower than about 14 wt % the Cr
based oxides could not be detected in the initial oxidation stage,

I. INTRODUCTION
Nickel−chromium (Ni−Cr) alloys have found widespread use
in high temperature applications due to their high melting point
(∼1400 °C), high electrical stability with temperature (e.g., low
temperature coeﬃcient of resistance, i.e., TCR, of ∼85 ppm/
K),1−4 and a high oxidation resistance.5−9 For example, the
Ni−Cr alloys are one of the oldest known materials used as
resistive heating elements.10 In addition, the bulk Ni−Cr alloys
have also been used under ambient conditions when the
electrical stability under temperature drifts is important.11−13
Recently, environmentally sustainable fabrication methods such
as additive manufacturing and printed electronics have
necessitated the use of materials in the nanoparticle (NP)
form rather than the bulk for device manufacturing. For
example, NP-based additive methods have been used to
fabricate electronic devices such as biosensors,14 capacitive
touch sensors,15,16 antennas,17 and ﬂexible conductive networks.18 However, utilization of Ni−Cr NPs in these emerging
technologies requires a detailed, fundamental understanding of
their oxidation behavior and high-temperature chemical
stability. Furthermore, a fundamental understanding of the
oxidation behavior of Ni−Cr at the nanoscale is also of interest
for their potential applications in catalysis,19 semiconductor
metallization,20 and the passivation of alloys.21
The oxidation behavior of alloys is highly complicated, and
the process depends upon the compositions and diﬀusivities of
diﬀerent species at a given temperature.9,22 In the case of bulk
Ni−Cr alloys, it is generally recognized that in order to support
a predominantly Cr oxide layer at the alloy-scale interface, a
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Figure 1. TEM micrographs of (a) as-received NiCr nanoparticles and (b) oxidized NiCr nanoparticles (post-TGA, heated at 5 K min−1).

while the Cr2O3 phase is always present when Cr concentration
is >30 wt %. In other words, the initial oxidation was dominated
by the epitaxial growth of NiO rather than Cr oxide. At lower
Cr concentration (5 at. %), in situ TEM at 573 K showed
diﬀerent oxidation rates for Ni and Cr, with outward Ni
diﬀusion, giving rise to voids in the alloy NPs.34 A similar
phenomenon consisting of void formation in nanoparticles
during oxidation has also been reported for Fe.36 Note that the
oxidation kinetics of nanoparticles can be studied by measuring
their precise weight gain as a function of heating rate by
standard thermogravimetric analysis (TGA).37,38 This data can
be used to obtain the activation energies at diﬀerent conversion
ratios. The oxidation mechanisms/kinetics are then identiﬁed
by comparing the results with standard rate kinetic
models.29,31−33,39 In this context, the fundamental mechanisms
of oxide formation and the physical stability of the nanoparticles in the Ni−Cr alloy system are scientiﬁcally quite
important. In particular, the oxidation kinetics at nanoscales will
determine the applicability of the Ni−Cr nanoparticles in
various high temperature applications and has not been
investigated before. The ultimate goal for the present work,
therefore, was to carry out a detailed study of the high
temperature oxidation of a commonly used Ni−Cr alloy (with
20 at. % Cr) NPs and determine the structural changes, phases
formed, and the oxidation kinetics. Spherical Ni−Cr nanoparticles were subjected to oxidation for up to 973 K in a TGA
apparatus to identify the precise weight gain and the oxidation
conversion ratio. Transmission electron microscopy (TEM)
and selective area electron diﬀraction (SAED) were used to
directly observe the nanoparticles and gain insight into the
resultant phases of the formed oxides. The nanoparticles were

further analyzed using X-ray diﬀraction (XRD) for amorphous/
crystalline phase identiﬁcation and to characterize particle
coalescence, crystallite sizes, and lattice strain. The activation
energies of the oxidation reaction were then calculated at
diﬀerent oxide conversion ratios. Finally, we used this
information to identify the active oxidation mechanisms for
this alloy.

II. EXPERIMENTS
The Ni−Cr alloy NPs had a composition of Ni:Cr, 80:20 wt %,
a spherical shape, an average diameter of about 70 nm, and an
oxygen passivation layer around the particles (oxygen content
of 3 wt %) from manufacturer speciﬁcations. The NPs were
subjected to TGA analysis in a Discovery Series thermogravimetric analyzer (TA Instruments, New Castle, DE). The weight
of the Ni−Cr alloy NPs used for TGA was ∼8.75 ± 0.15 mg.
The Ni−Cr nanoparticles were placed on a platinum TGA pan
with a diameter of 10 mm. All experiments were performed
under atmospheric pressure conditions using air as the oxidant.
The gas ﬂow rate was set as 20 mL min−1 for all the
experiments. The experiments were started at room temperature and performed at ﬁve diﬀerent heating rates varying from
5 to 25 K min−1 (both included) in steps of 5 K min−1. The
measurements were stopped upon reaching a temperature of
973 K (set by the TGA pan capability). This temperature was
well exceeding the temperature range of interest where
electronic chips can survive in high temperature sensor circuits
(∼723 K for the current state-of-the-art wide-band-gap
semiconductors such as SiC40) but was not enough to
complete the nanoparticle oxidation process as conﬁrmed by
XRD studies afterward.
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The morphology and crystal structures of the samples preand post-TGA were examined through imaging and SAED
analysis in a TEM (Philips CM200, operating at 200 kV and
equipped with a LaB6 ﬁlament and a Gatan CCD camera). The
TEM samples were prepared by immersing the Ni−Cr
nanoparticles (as-received or oxidized) in ethanol and
sonicating for 2 min before deposition onto a carbon-coated
TEM copper grid. The XRD study on nanoparticles (asreceived and oxidized) was carried out at room temperature
with a PANalytical X’Pert Pro MPD X-ray diﬀractometer
(PANalytical Inc., EA Almelo, Lelyweg, Netherlands). The
XRD used Cu Kα radiation (λ = 1.5406 Å) at 45 kV and 40
mA. Scans were taken in Bragg−Brentano geometry with a
0.05° step size and a 10 s dwell. One scan was taken for a bulk
powder sample of the precursor material. For the oxidized
samples, 12 scans were summed together in order to increase
the signal-to-noise ratio. Lattice parameters and phase ratios
were least-squares ﬁt using Rietveld reﬁnement with HighScore
Plus software (PANalytical, EA Almelo, Lelyweg, The Netherlands).

III. RESULTS AND DISCUSSION
A. High Temperature Structural and Phase Stability of
Ni−Cr Nanoparticles. Transmission Electron Microscopy
(TEM). The representative TEM images of the as-received and
post-TGA Ni−Cr NPs are shown in Figures 1a and 1b,
respectively. The as-received Ni−Cr nanoparticles had a size
distribution of ∼77 ± 31 nm. Some outliers (large particles) are
also observed. The particle size range was reasonably close to
the supplier speciﬁcation of the mean diameter of 70 nm. The
higher magniﬁcation image in Figure 1a conﬁrmed the spherical
shape of the as-received particles. The particles had a core−
shell structure, with the core showing the Ni−Cr alloy and the
shell with the oxide passivation (thickness of 3.85 ± 0.48 nm)
which was used to prevent NP agglomeration during dispersion
according to the supplier. Note that similar oxide passivation (a
few nanometers thick shell layer) is observed in other NP
systems (e.g., Fe41,42) and prevents agglomeration. The Ni−Cr
NPs exposed to 973 K and removed from the TGA (Figure 1b)
were approximately equiaxed but not spherical and had Feret
diameters (i.e., distance between the two parallel planes
restricting an object perpendicular to that direction) ranging
from ∼80 to ∼120 nm. These particles also showed a high
degree of oxidation (as conﬁrmed by TEM-SAED and XRD).
The irregular shape of the oxidized nanoparticles is likely to be
the result of a nonuniform oxidation process that occurred
along the spherical surface of the as-received NPs as observed
from other Ni−Cr systems in the literature.35 This oxidation
behavior is completely diﬀerent compared to bulk Ni−Cr alloys
with same composition that show a near ideal Cr2O3 scale
formation.27
The SAED patterns of the oxidized and as-received
(nonoxidized) nanoparticles obtained in the TEM are shown
in Figure 2a and Figures 2b,c, respectively (see Figure S1 for
images without annotations). The ring-shaped diﬀraction
patterns in both cases suggest the presence of randomly
oriented nanocrystals, which is in agreement with the TEM
images shown in Figure 1. The SAED pattern obtained from
the nonoxidized sample (Figure 2a) shows strong reﬂections
close to Ni and Ni3Cr. We note that Ni and Ni3Cr share similar
crystal structures and lattice parameters, making it diﬃcult to
unambiguously diﬀerentiate between them. It is, however, very
likely that both phases are present given that Ni3Cr has 22.8 wt

Figure 2. (a) Typical SAED patterns obtained from the nonoxidized
sample. (b) SAED pattern for the oxidized sample at one location
indicating the presence of NiO. (c) SAED pattern of oxidized sample
at another location (area encircled with dotted line in (d), and (d)
bright-ﬁeld image of a particle cluster in the oxidized sample. Inset is
an enlarged image of a particle showing dislocation structures
(arrowed). The dotted circle indicates the approximate size and
location of the SAED aperture used to obtain the diﬀraction pattern in
(c).

% of Cr, which is very close, but not equal, to the manufacturer
speciﬁcation on the overall Cr concentration. Half of the SAED
pattern obtained from the oxidized sample (Figure 2b) is
shown adjacent to that obtained from the nonoxidized sample
(Figure 2a) for comparison. In the SAED for the oxidized
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Figure 3. X-ray diﬀraction (XRD) results for the NiCr nanoparticles at diﬀerent conditions. (b) High resolution scan of the maximum intense peak.
(c) Lattice constant from the XRD data for as-received and post-TGA samples heated at diﬀerent rates. (d) Crystallite size from the XRD data for asreceived and post-TGA samples heated at diﬀerent rates.

SAED shown in Figure 2b). Only a small number of diﬀraction
spots are visible in this SAED pattern, suggesting that there are
only a small number of crystals within the encircled area. In
addition to NiO, this area shows the presence of NiCr2O4 and
Cr2O3, indicating that the Ni−Cr oxidation process consists of
reactions involving both of the species and occurs in a
nonhomogeneous manner. Nonhomogeneous oxidation (indicated by the segregation of Cr oxide from Ni oxide) was also
observed in Ni−5% Cr at nanoscale recently.34 Interestingly,
dislocations (indicated by arrows in the inset of Figure 2d) can
be observed from this cluster of particles. The volume of
material that contains the dislocation must be a single crystal
that is large enough to allow the dislocation structures. Large
particles as such are likely to be outliers as observed in Figure
1a or a result of particle agglomeration that formed during high
temperature exposure.
X-ray Diﬀraction (XRD). The XRD patterns of the asreceived Ni−Cr NPs and those post-TGA (subjected to the
four heating rates of 5, 15, 20, and 25 K min−1) are shown in
Figure 3. The multiple peaks observed in Figure 3a indicate that
the as-received Ni−Cr NPs had a polycrystalline structure and
that no oxide phases were detected. For the oxidized samples,
the Ni oxide phases appeared for all the heating rates, along
with a distortion of the most intense (111) peak as shown in
Figure 3b. The database entries used for Rietveld reﬁnement
were Ni3Cr (98-010-2820)43 and NiO (98-024-6910).44 The
XRD was not able to detect any Cr oxide phase, likely due to
low concentration of Cr or due to inhomogeneous oxidation, as

sample, strong reﬂections close to NiO, in addition to Ni and/
or Ni3Cr, were observed. Comparing the two SAED patterns
obtained from the two samples, there are some stronger
reﬂections along most of the diﬀraction rings in the oxidized
sample. In addition, there are only a few spots for a certain
crystal orientation (e.g., only one or two strong reﬂection spots
corresponding to the (002) planes for Ni and Ni3Cr),
indicating that the particles are favorably oriented in a certain
orientation. The spherical crystals of the as-received NPs
(Figure 1a), however, are more likely to be randomly oriented
leading to a diﬀraction pattern that consists of complete
reﬂection rings (Figure 2a). A close examination on the SAED
patterns obtained from as-received and oxidized NPs reveals
that the diﬀraction rings exhibit a ﬁnite width. This ﬁnite width
indicates that the lattice parameters have a range of values,
which is often observed in nanoparticles due to the relatively
larger volume of crystal surface (distortion). Of note, the SAED
in Figure 2b did not show any Cr oxides, indicating a
dominance of the oxidation of Ni over that of Cr in the
nanoparticle system.35 This behavior is closer to that shown by
bulk NiCr alloys with <10 wt % Cr,24,25 indicating that the
beneﬁt of adding Cr to improve the oxidation resistance of Ni is
diminished at nanoscale. In order to further investigate if Cr
was oxidized, we obtained SAED patterns from several
locations in the oxidized nanoparticles. Figure 2c shows the
SAED pattern obtained from an area on an oxidized
nanoparticle cluster indicated with a dotted circle in Figure
2d (diﬀerent location compared to that used to obtain the
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discussed in section A. The lattice constant for pure Ni−Cr
NPs from the d-spacing of the most intense peak was 3.5446 Å,
in good agreement with that reported previously.45 Note that
the lattice constant is expected to increase due to the sintering/
melting of the NPs and the resulting agglomeration during heat
treatment. The lattice parameter may also increase due to the
ionic radius mismatch between Ni (0.69 Å) and Cr (0.61 Å)
along with the diﬀusion process occurring at high temperature.
Figure 3c shows lattice constants for NPs heated at diﬀerent
heating rates along with the as-received NPs. The lattice
constant for post-TGA samples is high compared to that in the
as-received condition, with the highest value for the NPs heated
at the highest rate (25 K min−1). Figure 3d shows crystallite
size (D) for NPs heated at diﬀerent heating rates along with the
as-received NPs. The crystallite size (D) of the ﬁlms was
evaluated based on Scherer’s formula46
D=

0.9λ
β cos θ

∫0

k 0Ea
βk B

∫y

Tp

∝

e−Ea / kBT dT
exp( −y)
y2

p

dy

k 0Ea
p(y ) = g (α )
βk B p

(5)

where y = Ea/kBT and yp = Ea/kBTp. The solution of eq 5 can
give the activation energy, Ea, at a given conversion ratio, α.
Since eq 5 is not solvable analytically, we use three established
approaches, namely, the Kissinger method,48 the Flynn−Wall−
Ozawa (FWO) method,49 and the Starink method.50
In the Kissinger method,48 the integral function can be
∝ exp(−y)

simpliﬁed as p(y) = ∫
y

y2

p

dy , and eq 5 can be expressed

as
(1)

∫0

αp

⎛
⎞
⎛ k 0Ea ⎞
dα
1 ⎟
⎜
= ln⎜
⎟ + ln⎜ 2 ⎟ − yp
f (α )
⎝ kB ⎠
⎝ βyp ⎠

(6)

For a constant fraction transformed, eq 6 simpliﬁes to
⎛ β ⎞
E 1
+ C1
ln⎜⎜ 2 ⎟⎟ = − a
kB Tp
⎝ Tp ⎠

(7)

where C1 is the integral constant
C1 = ln

k 0kB
− ln
Ea

∫0

αp

dα
f (α )

⎛ β ⎞ ⎛1⎞
A plot of ln⎜ T 2 ⎟ vs ⎜ T ⎟ for diﬀerent heating rates can give a
⎝ p ⎠ ⎝ p⎠
straight line having a slope equal to (Ea/kB), giving the
activation energy.
In the FWO method,51 the integral function is taken as log
p(y) = −2.315 + 0.4567y, which simpliﬁes eq 5 to
log(β) = −

(2)

0.457Ea ⎛ 1 ⎞
⎜ ⎟ + C2
kB ⎜⎝ Tp ⎟⎠

(8)

where C2, an integral constant, is
⎛k k ⎞
C2 = log⎜ 0 B ⎟ − ln
⎝ Ea ⎠

∫0

αp

dα
− 2.315
f (α )

(3)

(9)

The activation energy can then be obtained by plotting
⎛1⎞
log(β ) vs ⎜ T ⎟ for diﬀerent conversion ratios.
⎝ p⎠
Starink50 has developed a more general expression of f(α) as

where Wt is the weight at any time, t, Wi is the initial weight of
the specimen, and Wf is the ﬁnal weight of the specimen. For
nonisothermal/constant heating rate process,33 eq 2, can be
further modiﬁed as
k
dα
= 0 f (α)e−Ea / kBT
β
dT

∫0

=

The conversion ratio for the TGA measurements is given by
the formula
W − Wi
α= t
Wf − Wi

k
dα
= 0
f (α )
β
=

where λ is the X-ray wavelength (λ = 1.5046 Å), β is the full
width at half-maximum (fwhm), and θ is the Bragg diﬀraction
angle. The crystallite size increased for the heat treated samples
by about 24% (Figure 3d).
B. Thermal Analysis of the Ni−Cr Nanoparticles’
Oxidation Behavior. The weight gain of the NPs due to
oxidation was then measured by the TGA technique. These
results were combined with the phase identiﬁcation described
in Section A to obtain the oxidation conversion ratio for the
Ni−Cr NPs at diﬀerent temperatures. Note that the conversion
ratio, α, is the ratio of converted/oxidized fraction, x of the
alloy NPs, to the maximum possible conversion fraction xmax.
This can be obtained only by knowing the components of the
alloys that have undergone oxidation. The rate of the solid-state
reaction, dα/dt, is a linear function of temperature dependent
rate constant k(T) and a temperature-independent function,
f(α), as29,32,47
dα
= k(T )f (α)
dt

αp

q
⎛
1 ⎞⎟
f (α) = (1 − α) p ⎜ln
⎝ 1 − α⎠

(4)

(10)

where p and q are constants which vary depending upon
diﬀerent reaction kinetics. Considering q = 0 for any
homogeneous kinetic reactions, eq 10 can be used to get

where heating rate, β = dT/dt, is a constant, kB is the
Boltzmann constant, and k0 is the pre-exponential factor.
Rearranging the terms of eq 4 and integrating from the initial
temperature T = T0, where oxidation ratio α0 = 0 to T = Tp,
gives29

⎛ β ⎞
⎛ AE 1 ⎞
ln⎜⎜ 1.8 ⎟⎟ = −⎜⎜ a ⎟⎟ + C3
⎝ kB Tp ⎠
⎝ Tp ⎠
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where C3 is the integral constant, A = 1.007−1.2 × 10−5Ea, with
Ea expressed in kJ/mol. The activation energy can be obtained
⎛ β ⎞ ⎛1⎞
by plotting ln⎜ T 1.8 ⎟ vs ⎜ T ⎟ for diﬀerent conversion ratios.
⎝ p ⎠ ⎝ p⎠
Figure 4 shows the TGA data (weight of the nanoparticles vs
temperature) for diﬀerent heating rates for the Ni−Cr

taken from the thermogravimetric data (Figure 4). The
activation energies increased from about 1.7 eV to about 2.9
eV for the conversion ratios of 0.1 and 0.56, respectively. The
activation energy proﬁle is similar for all the three approximate
methods (within ∼1.7%) and is only a function of the
conversion ratio. The increasing trend for the activation energy
shown in Figure 4 is similar to that seen for the oxidation of the
Ni nanoparticles.29 Activation energy for Ni−Cr is higher than
that for Ni by about 20−30% for identical respective conversion
ratios.29,31−33,39 This data are consistent with the fact that Ni−
Cr is known to have higher oxidation resistance in the bulk
form when compared to Ni due to a more stable oxide formed
by Cr that can impede further oxidation. The increase in the
activation energy observed with the conversion ratio seen in
Figure 5 can be explained from the fact that the reactants are
seen to undergo continuous modiﬁcations during oxidation due
to factors such as crystal defect formation (dislocations in
Figure 2d), particle agglomeration (and hence the surface to
volume ratio) (Figures 1b and 2d), and an increase in the
crystalline strain (Figure 3c). Also, the particle boundary faces
can change to diﬀerent crystallographic indices during the
reaction, and hence the initial reactivity may be diﬀerent than
that for the agglomerated nanoparticles as the reaction
progresses.
C. Reaction Kinetics and Mechanism. Direct TEM
observation and SAED analysis in conjunction with the XRD
analysis as described above allow us to identify the reactant
phases and gain unprecedented detailed understanding of the
oxidation process. In order to determine the reaction kinetics,
we ﬁt the experimental data with existing kinetic models.29 The
TGA data for 5 K/min heating rate were ﬁtted with diﬀerent
models and plotted in a kinetic “master plot”. The master plot
is obtained by plotting g(α)/g(α0.5) as a function α, i.e., by
using half-conversion ratio (α = 0.5) as a reference. The master
plots for diﬀerent solid-state reaction models are summarized
by Khawam47 (see Table 1). For half-conversion ratio, eq 5 can
be written as

Figure 4. TGA curves at diﬀerent heating rates. TGA proﬁles show the
start of gain in the weight at about 250 °C for all heating rates and a
similar proﬁle for all the heating rates. The maximum weight gain for
the samples is about 18−22% at a conversion ratio of 0.6.

nanoparticles used in this study. The data show an increase
in weight of the samples starting at about 275 °C and a total
weight gain of about 18−22%, with higher gain for lower
heating rates. The start of the oxidation for Ni−Cr nanoparticles is at lower temperatures, whereas bulk Ni−Cr is stable
up to 1000 °C.9 Note that while plotting the data in Figure 4,
we have assumed a transition of Ni to NiO and Cr to Cr2O3.
The oxidation of Ni to NiO was conﬁrmed by TEM/SAED and
XRD in the current work. Oxidation of Cr to sesquioxide Cr2O3
was conﬁrmed in the TEM/SAED study (section A). This gives
a theoretical maximum weight gain of ∼30.8 wt % and was used
to calculate the conversion ratio using the actual weight gain at
that temperature. The eﬀect of the thin initial oxygen
passivation over the nanoparticle was deducted from the
experimental value by modifying eq 3 as described by Song et
al.29
Figure 5 shows the activation energies as a function of the
conversion ratio calculated by the three methods mentioned
above. The parameters to estimate the activation energies were

g (α0.5) =

k 0Ea
p(y )
βkB 0.5

(12)

where y0.5 = Ea/kBT0.5. Dividing eq 5 by eq 12
g (α )
p(y )
=
g (α0.5)
p(y0.5 )

(13)

Next, we plotted g(α)/g(α0.5) as a function of α for the
diﬀerent oxidation models/mechanisms such as the nucleation
model, geometrical contraction model, reaction order models,
and diﬀusion models and compared that with the TGA data
shown in Figure 4. Since all the approximations used to solve
eq 5 give the activation energies within 1.7%, we will use the
FWO method to get g(α)/g(α0.5) and plot the conversion ratio
for 5 K min−1 heating rate (the results are the same for other
heating rates).
First, we compare our experimental data with the nucleation
models, i.e., the solid-state reactions dominated by the
nucleation processes such as crystallization,52 crystallographic
transition,53 decomposition, etc. The nucleation model assumes
constant growth of nucleus without any consideration to
growth restrictions which generally expressed as g(α) = α1/n,
with n = 1, 2, 3, ... (see Table 1). In real situations, nucleation
dominated reactions will encounter two restrictions, namely,
ingestion (i.e., existing nucleus growth eliminates nearby

Figure 5. Activation energies (Ea) as a function of conversion ratios.
Activation (Ea) is a strong function of conversion ratio.
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Table 1. Solid-State Reaction Models47
model
second-order power law
third-order power law
fourth-order power law
Avrami−Erofeyev
Avrami−Erofeyev
Avrami−Erofeyev
contracting area
contracting volume
3rd
4th
5th
6th

homogeneous
homogeneous
homogeneous
homogeneous

one dimension
two dimension
three dimension
3-D, accounts changing particle size during reaction

f(α)

symbol

nucleation models
P2
2α1/2
P3
3α2/3
P4
4α3/4
A2
2(1 − α)[−ln(1 − α)]1/2
A3
3(1 − α)[−ln(1 − α)]2/3
A4
4(1 − α)[−ln(1 − α)]3/4
geometrical contraction models
R2
2(1 − α)1/2
R3
3(1 − α)2/3
reaction order models
n=3
(1 − α)3
n=4
(1 − α)4
n=5
(1 − α)5
n=6
(1 − α)6
diﬀusion models
1
1-D
/2α
2-D
[−ln(1 − α)]−1
Jander
3/2(1 − α)2/3[1 − (1 − α)1/3]−1
Guintling
3/2[(1 − α)1/3 − 1] −1

g(α)
α1/2
α1/3
α1/4
[−ln(1 − α)]1/2
[−ln(1 − α)]1/3
[−ln(1 − α)]1/4
1 − (1 − α)1/2
1 − (1 − α)1/3
1/2[(1
1/3[(1
1/4[(1
1/5[(1

−
−
−
−

α)−2
α)−3
α)−4
α)−5

−
−
−
−

1]
1]
1]
1]

α2
(1 − α)[ln(1 − α)] + α
[1 − (1 − α)1/3] 2
(1 − 2α/3) − (1 − α) 2/3

Figure 6. Kinetic model ﬁtting for NiCr nanoparticles: (a) nucleation models (A2, A3, A4 represent diﬀerent Avrami−Erofeyev nucleation models
and P2, P3, P4 represent diﬀerent power law nucleation models), (b) geometry contracting models, (c) reaction order models (n = 3−6 represents
the order of homogeneous reaction), and (d) diﬀusion models. Diﬀusion based 3D classical Jander model ﬁts well with the experimental data.

potential nucleation sites) and coalescence (i.e., loss of interface
between the reactant and product during the coalescence of the
two or more growing nuclei). Avrami54 and Erofeyev55
incorporated these restrictions into the nucleation models
and predicted g(α) = [−ln(1 − α)]1/n, where n = 1, 2, 3, ... (see
Table 1). Figure 6a compares g(α)/g(α0.5) of the TGA data in

the current study with that predicted by the nucleation models.
It is clear that the nucleation models cannot predict the
observed oxidation behavior of the Ni−Cr nanoparticles. We
thus conclude that neither ingestion nor coalescence of nuclei
are the dominant factors during the oxidation reaction/kinetics
and that the large surface-to-volume ratio of fered by the
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g(α) = [1 − (1 − α)1/3 ]2

nanoparticles can make the nucleation process a noncritical factor
in determining the oxidation reaction.
Second, we compare the experimental data with diﬀerent
geometry contraction models. These models consider nucleation on the surface of the crystal where the resulting reaction
interface progresses toward the crystal center, which controls
the rate of the reaction. Depending on crystal shape, geometric
contraction models can be two types: (a) contracting area
model expressed as g(α) = [1 − (1 − α)1/2]; (b) contracting
volume model expressed as g(α) = [1 − (1 − α)1/3].56
However, comparing the experimental data in Figure 6b with
the geometry contraction models suggests that these models
are not appropriate to describe the reaction kinetics of Ni−Cr
nanoparticles. This is not surprising since the oxidation process
involves both the ingress of oxygen species and the diﬀusion of
alloy species through the oxide scale.
Next, we consider the homogeneous reaction order models.
These models consider reaction rate as proportional to the
reactants fraction remaining raised to a particular power (n = 1,
2, 3, ...), which is the reaction order. It is clear from Figure 6c
that all the homogeneous reaction models do not ﬁt the
experimental data particularly well with any nth-order
homogeneous reaction models. There is signiﬁcant mismatch
between the theoretical and experimental curves. The reason
could be that in the case of the current solid-state oxidation
reactions the atoms need to permeate the oxide layer to
continue the oxidation reaction.35
Lastly, we compare the experimental data with surface
diﬀusion models (see Table 1), where the rate of product
formation decreases proportionally with the thickness of the
product barrier layer. Figure 6d shows that unlike all the
previous models, the trends of the master plot for diﬀusionbased models matches that of the experimental data. For 1-D
and 2-D diﬀusive reaction models,47 Figure 6d shows only a
reasonable ﬁt to the experimental data. The poor agreement is
expected considering that the Ni−Cr nanoparticle oxidation
process is likely to be 3-dimensional as suggested from TEM
images (e.g., Figure 1). We now compare the 3-D diﬀusion
models with the experimental data. Jander57 developed a 3-D
solid-state reaction model, where for a number of particles, n,
each with a radius r, and a reaction zone thickness x (see Figure
7), which will have the conversion ratio as
α=

4
nρπr 3
3

From Figure 6d, the 3-D Jander diﬀusive reaction model
provides an excellent ﬁt to the experimental data and is likely to
be the dominant reaction kinetic for the oxidation process. This
is in spite of the fact that inhomogeneous oxide layer formation
was observed, which likely precludes an idealized uniform oxide
formation assumed in this model. A second 3-D diﬀusion-based
solid-state reaction model by Ginstling−Brounshtein58 shows a
ﬁt better than the 1-D or 2-D diﬀusion models but not as good
as the Jander model. The Ginstling−Brounshtein model is
considered to be important only at high conversion ratios. It is
still not clear whether the Ginstling−Brounshtein model will
provide the best ﬁt at high conversion ratios (>0.5) or whether
some other mechanisms are operative at that level. Because of
the distortion in particle shape observed in the current study
(Figure 1b and lattice parameters/strain in Figure 3c), there is a
question of applicability of the model itself.
On the basis of the results from Figure 6 and the discussions
above, we now postulate that microscopic diﬀusion mechanisms (including transport) to be operating during the Ni−Cr
nanoparticle oxidation, while the Jander model does not take
into account the diﬀusion of two species of the alloy. Note that
metal oxides generally have ionic bonding, and therefore the
oxidation reaction involves the transport of both ions and
electrons (ambipolar diﬀusion in the oxide layer), giving rise to
an electric ﬁeld during oxidation59 which inﬂuences the
diﬀusion process.60 A schematic of the possible reaction
processes involving the diﬀusion of Ni and Cr ions and
electrons is shown in Figure 8a. If the metal ions have more
mobility than oxygen ions, new oxide will form at the oxide
interface, while higher mobility oxygen results in new oxide on
the oxygen interface. For Ni−Cr alloys, either a monolayer of
nichromate (NiCr2O4), separate layers of NiO and Cr2O3, or all
three phases NiCr2O4, NiO, and Cr2O3 can form during
oxidation. The TEM SAED patterns clearly show that NiO,
NiCr2O4, and Cr2O3 were formed due to the thermal oxidation,
but in an inhomogeneous manner, with possible epitaxial
growth of each of the oxides. The schematic in Figure 8b
illustrates the possible evolution of the Ni−Cr alloy nanoparticles during the oxidation processes. We believe that the
oxidation reaction progresses with a combined inward diﬀusion
of oxygen and outward diﬀusion of metal ions through the
oxide layer. It is likely that the Cr oxide and Ni oxide form
separately and grow epitaxially with metal ions diﬀusing
through the newly formed oxide to reach the surface. The
lattice mismatch between the oxides and the alloys can be
accommodated by misﬁt dislocations. As this process continues,
the metallic structure eventually converts to metal oxide
structure having well-deﬁned grains, with possible agglomeration of adjacent particles.
From the above results, we conclude that the Ni−Cr alloy
nanoparticles are stable up to 275 °C, which is signiﬁcantly
lower than the stability temperature for bulk Ni−Cr alloys. For
example, at 800 °C, bulk Ni−Cr (80:20) shows a weight gain of
only 2.5%,26 while the equivalent weight gain occurs at ∼400−
500 °C for the nanoparticles in Figure 5. Thus, the
improvement in the oxidation resistance oﬀered by the addition
of Cr to Ni is reduced at nanoscale when compared to bulk
alloys. We believe that the minimum Cr proportion in the Ni−
Cr alloy nanoparticles required to form a stable oxide layer is
higher for nanoparticles than that required for bulk. The
degradation of oxidation resistance at nanoscale, however, can

4

− 3 nρπ (r − x)3
4
nρπr 3
3

(15)

(14)

This equation reduces to47

Figure 7. Schematic representation of a spherical particle with reaction
zone considered for 3-D Jander diﬀusion-based reaction model.
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Figure 8. (a) Transport of ions and electron across the growing oxide layer on NiCr nanoparticle. (b) Schematic illustrating the postulated structural
evolution of the NiCr alloy nanoparticles to oxide phase due to high temperature.

increase in the crystallite size and an increase in the lattice
constant, suggesting crystal distortion during oxidation. The
activation energy increase from 1.69 to 2.98 eV for a conversion
ratio of 0.1 to 0.56 suggests the formation of a kinetic barrier to
thermal oxidation as the reaction progressed. Comparison of
experimental results with existing solid-state reaction models
demonstrate that the Ni−Cr oxidation kinetics at nanoscale was
3-D surface diﬀusion-dominated (rather than nucleationdominated) and could be described by the classical Jander 3D diﬀusion model.

be overcome by sintering the nanoparticles in an inert
environment using heat61 or by photonic ﬂash sintering.62
Once partly sintered, the nanoparticles will rearrange to reduce
the surface to volume ratio and surface curvatures at the
nanoscale, and this may result in stable Cr oxides which further
retard the oxidation process. Other methods such as promoting
the nucleation of a stable oxide layer observed in alumina
forming alloys (e.g., NiAl−Cr)63 needs further work. Additionally, it may be possible to increase the Cr content in the Ni−Cr
alloys so that a stable Cr2O3 layer is preferentially formed. A
detailed consideration of this phenomenon from the application
perspective will be part of a future investigation.
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Micromachined Force Sensors Using Thin Film Nickel−Chromium
Piezoresistors. J. Micromech. Microeng. 2012, 22, 065002.
(12) Kazi, I. H.; Wild, P. M.; Moore, T. N.; Sayer, M. The
Electromechanical Behavior of Nichrome (80/20 Wt.%) Film. Thin
Solid Films 2003, 433, 337−343.
(13) Kazi, I. H.; Wild, P. M.; Moore, T. N.; Sayer, M.
Characterization of Sputtered Nichrome (Ni−Cr 80/20 Wt.%)
Films for Strain Gauge Applications. Thin Solid Films 2006, 515,
2602−2606.
(14) Yang, H.; Rahman, M. T.; Du, D.; Panat, R.; Lin, Y. 3-D Printed
Adjustable Microelectrode Arrays for Electrochemical Sensing and
Biosensing. Sens. Actuators, B 2016, 230, 600−606.
(15) Rahman, M. T.; Rahimi, A.; Gupta, S.; Panat, R. Microscale
Additive Manufacturing and Modeling of Interdigitated Capacitive
Touch Sensors. Sens. Actuators, A 2016, 248, 94−103.
(16) Li, R.-Z.; Hu, A.; Zhang, T.; Oakes, K. D. Direct Writing on
Paper of Foldable Capacitive Touch Pads with Silver Nanowire Inks.
ACS Appl. Mater. Interfaces 2014, 6, 21721−21729.
(17) Rahman, M. T.; Renaud, L.; Heo, D.; Panat, R. Aerosol Based
Direct-Write Micro-Additive Fabrication Method for Sub-Mm 3d
Metal-Dielectric Structures. J. Micromech. Microeng. 2015, 25, 107002.
(18) Kang, B. J.; Lee, C. K.; Oh, J. H. All-Inkjet-Printed Electrical
Components and Circuit Fabrication on a Plastic Substrate. Microelectron. Eng. 2012, 97, 251−254.
(19) Park, K.-W.; Choi, J.-H.; Kwon, B.-K.; Lee, S.-A.; Sung, Y.-E.;
Ha, H.-Y.; Hong, S.-A.; Kim, H.; Wieckowski, A. Chemical and
Electronic Effects of Ni in Pt/Ni and Pt/Ru/Ni Alloy Nanoparticles in
Methanol Electrooxidation. J. Phys. Chem. B 2002, 106, 1869−1877.
(20) Michael, N. L.; Kim, C.-U.; Gillespie, P.; Augur, R. Mechanism
of Reliability Failure in Cu Interconnects with Ultralow-K Materials.
Appl. Phys. Lett. 2003, 83, 1959−1961.
(21) Griffin, G. A Simple Phase Transition Model for Metal
Passivation Kinetics. J. Electrochem. Soc. 1984, 131, 18−21.
(22) Saunders, S.; Monteiro, M.; Rizzo, F. The Oxidation Behaviour
of Metals and Alloys at High Temperatures in Atmospheres
Containing Water Vapour: A Review. Prog. Mater. Sci. 2008, 53,
775−837.
4027

DOI: 10.1021/acs.jpcc.6b11560
J. Phys. Chem. C 2017, 121, 4018−4028

Article

The Journal of Physical Chemistry C
(46) Ramana, C. V.; Kopec, M.; Mauger, A.; Gendron, F.; Julien, C.
M. Structure and Magnetic Properties of Nanophase-LiFe1.5P2O7. J.
Appl. Phys. 2009, 106, 064304.
(47) Khawam, A.; Flanagan, D. R. Solid-State Kinetic Models: Basics
and Mathematical Fundamentals. J. Phys. Chem. B 2006, 110, 17315−
17328.
(48) Kissinger, H. E. Reaction Kinetics in Differential Thermal
Analysis. Anal. Chem. 1957, 29, 1702−1706.
(49) Ozawa, T. Estimation of Activation Energy by Isoconversion
Methods. Thermochim. Acta 1992, 203, 159−165.
(50) Starink, M. J. A New Method for the Derivation of Activation
Energies from Experiments Performed at Constant Heating Rate.
Thermochim. Acta 1996, 288, 97−104.
(51) Atkinson, A.; Taylor, R. I. The Diffusion of 63Ni Along Grain
Boundaries in Nickel Oxide. Philos. Mag. A 1981, 43, 979−998.
(52) Yang, J.; McCoy, B. J.; Madras, G. Madras, G. Kinetics of
Nonisothermal Polymer Crystallization. J. Phys. Chem. B 2005, 109,
18550−18557.
(53) Burnham, A. K.; Weese, R. K.; Weeks, B. L. A Distributed
Activation Energy Model of Thermodynamically Inhibited Nucleation
and Growth Reactions and Its Application to the B−Δ Phase
Transition of Hmx. J. Phys. Chem. B 2004, 108, 19432−19441.
(54) Avrami, M. Kinetics of Phase Change. I General Theory. J.
Chem. Phys. 1939, 7, 1103−1112.
(55) Erofeyev, B. V. Dokl. Akad. Nauk SSSR 1946, 52, 511.
(56) Gao, Z.; Amasaki, I.; Nakada, M. A Description of Kinetics of
Thermal Decomposition of Calcium Oxalate Monohydrate by Means
of the Accommodated Rn Model. Thermochim. Acta 2002, 385, 95−
103.
(57) Jander, W. Zeitschrift für anorganische und allgemeine Chemie
1927, 163, 1−30.
(58) Ginstling, A.; Brounshtein, B. Concerning the Diffusion Kinetics
of Reactions in Spherical Particles. J. Appl. Chem. USSR 1950, 23,
1327−1338.
(59) Nersesyan, M.; Ritchie, J.; Filimonov, I.; Richardson, J.; Luss, D.
Electric Fields Produced by High-Temperature Metal Oxidation. J.
Electrochem. Soc. 2002, 149, J11−J17.
(60) Atkinson, A. Transport Processes During the Growth of Oxide
Films at Elevated Temperature. Rev. Mod. Phys. 1985, 57, 437−470.
(61) Rahman, M. T.; McCloy, J.; Ramana, C. V.; Panat, R. Structure,
Electrical Characteristics and High-Temperature Stability of Aerosol
Jet Printed Silver Nanoparticle Films. J. Appl. Phys. 2016, 120, 075305.
(62) MacNeill, W.; Choi, C.-H.; Chang, C.-H.; Malhotra, R. On the
Self-Damping Nature of Densification in Photonic Sintering of
Nanoparticles. Sci. Rep. 2015, 5:14845, 1−13.
(63) Brumm, M.; Grabke, H. The Oxidation Behaviour of NiAl-I.
Phase Transformations in the Alumina Scale During Oxidation of NiAl
and NiAl-Cr Alloys. Corros. Sci. 1992, 33, 1677−1690.

4028

DOI: 10.1021/acs.jpcc.6b11560
J. Phys. Chem. C 2017, 121, 4018−4028

