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a b s t r a c t

In this study, time–temperature dependence and kinetic aspects of nanoscale precipitation responsible
for strengthening of Ni50FexAl50−x alloys with x = 20, 25 and 30 were investigated by temperature-scan
and isothermal magnetic measurements in a vibrating sample magnetometer. Temperature-scan mag-
netization curves contained a magnetization rise for all studied alloys at temperatures above the Curie
transition of the primary phase. These transient rises at relatively higher temperatures were associated
with the formation of secondary ferromagnetic precipitates, identified as nano-sized body centered cubic
� crystallites by microstructural observations under the transmission electron microscope. The isother-
mal kinetics of ferromagnetic �-phase precipitation was analyzed with the Johnson–Mehl–Avrami model.
The Avrami exponent was determined to be close to unity and independent of the extent of precipitation,
annealing temperature and alloy composition. It was concluded that �-phase precipitation was governed
agnetic measurements by a diffusion controlled growth process with decreasing growth rate, which closely resembles contin-
uous precipitation kinetics. The activation energies, ranging between 75 and 83 kJ/mol, were utilized to
construct magnetically assessed isothermal transformation diagrams of precipitation. Conforming to the
kinetic analysis, annealing at an intermediate temperature ensures precipitation of fine second phase
particles and brings about a significant hardening effect, whereas a higher annealing temperature yields
coarser precipitates and a smaller extent of precipitation hardening.
. Introduction

Nickel–aluminum (NiAl) is one of the most promising inter-
etallic compounds that have been extensively studied for high

emperature structural applications [1–3]. In addition to its high
elting point and low density, the ordered NiAl alloy exhibits

xcellent corrosion and oxidation resistance. On the other hand, the
mprovement of room temperature ductility and high temperature
trength requires further attention for utilization in demanding
pplications. In this respect, the incorporation of Fe into the NiAl
ystem has been shown to remarkably modify the structural prop-
rties [4–6] and promote precipitation of a fine body centered cubic
BCC) �-phase, which strengthens the alloy [7–9]. Although the �-
recipitates are softer than the BCC �-matrix, they induce changes

n the slip system and strengthen the alloys via precipitation hard-

ning through a dislocation pinning effect [7,10].

From a general point of view, while very fine precipitates pro-
ide the largest strengthening effect, a balance between strength
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and ductility can be attained with relatively coarser precipitates.
However, for long-term applications, evolution of � precipitates
at high temperatures should be clarified in order to determine
an upper limit where the microstructure coarsens resulting in
reduced strength. A convenient annealing heat treatment is also
essential to form desirable precipitates. Therefore, in addition to
its temperature dependence, kinetic aspects and mechanism of
nanoscale �-phase precipitation in Ni–Fe–Al alloys have attracted
considerable interest [11,12]. However, determination of time and
temperature dependent changes in these nanoscale precipitates
using high-resolution electron microscopy is quite laborious and
requires extensive image analysis [11].

In a few studies, magnetic monitoring approach was imple-
mented to replace conventional thermal analysis as a tool to
successfully reveal crystallization kinetics in amorphous-matrix
nanocrystalline alloys. For instance, Luborsky [13] attempted to
model the time and temperature dependent changes in mag-
netic parameters such as coercivity and anisotropy with the
Johnson–Mehl–Avrami equation. Later, this approach was used
to understand crystallization in Ni–P precursor films from the

amorphous state [14]. Recently, using similar magnetic monitor-
ing approaches, the disproportionation reaction observed in cast
rare-earth transition metal alloys [15,16] and crystallization kinet-
ics of Fe-based soft magnetic amorphous alloys were examined
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Fig. 1. An example illustrating the estimation procedure of maximum magnetiza-

that incubation takes place during the heat-up stage obscuring its
observation [15].
782 N. Duman et al. / Journal of Alloys

17]. To the best of our knowledge, kinetics of such precipitation
eactions occurring at the nanoscale has not been examined via
agnetic measurements for intermetallic alloys. Therefore, this

tudy will be the first to discuss the kinetic aspects of �-phase
recipitation in Ni50FexAl50−x (x = 20, 25, and 30) alloys by utiliz-

ng a non-conventional characterization technique which exploits
he ferromagnetic character of the precipitating phase [18]. In the
urrent work, precipitation was monitored by magnetization mea-
urements encompassing both temperature-scan and isothermal
xperiments with a vibrating sample magnetometer. Transmission
lectron microscopy (TEM) and micro-hardness measurements
ere conducted to support the kinetic analysis.

. Experimental procedure

The Ni50FexAl50−x alloys with x = 20, 25 and 30 were prepared by arc-melting
f high purity 99.9% Ni, Fe and Al elements under argon atmosphere. Ingots were
e-melted for four times to ensure compositional homogeneity.

The kinetics of precipitation was studied using a vibrating sample magnetome-
er (VSM, ADE Magnetics EV9). Temperature-scan measurements were done under
00 Oe applied field from room temperature to 973 K at a scan rate of 5 K/min
hereas isothermal magnetization experiments were carried out at various tem-
eratures ranging from 750 to 950 K with 25 K increments. Magnetization was
easured every 5 K during temperature-scan experiments and every 3 min during

sothermal annealing.
Vickers micro-hardness measurements (Hv 0.025) were performed phase-

electively on as-cast and annealed samples by an automated micro-hardness tester
Shimadzu HMV-2). Averages of at least eight indentations were reported as the

icro-hardness values.
A field-emission high-resolution transmission electron microscope (JEOL JEM

100F) was used to examine the precipitates at an acceleration voltage of 200 kV.
he alloys for TEM study were prepared by an annealing treatment at 673 K and
73 K for 168 h, followed by air cooling to room temperature. Disc shaped foils of
mm diameter were twin-jet electropolished (Fischione Instruments Model 110)

n a solution of 10% perchloric acid rest methanol at a temperature of −55 ◦C and an
pplied voltage of 11 V. Samples were plasma-cleaned (Fischione Model 1020) prior
o TEM investigations.

. Results and discussion

The study of kinetics in solid state processes such as phase
ransformations, crystallization or crystal-growth and precipita-
ion reactions often utilizes well-known Johnson–Mehl–Avrami
JMA) equation. Provided that the kinetic process of precipitation
beys the JMA relation, time exponent (n) and activation energy
Ea) for the precipitation reaction can be found.

In addition, measured values of time dependent magnetiza-
ion under an applied magnetic field (e.g. 500 Oe is applied in this
tudy) can be implemented in JMA model by relating the fraction
ransformed (˛t) to magnetization at any time during annealing
Mt), initial magnetization (Mi) and final magnetization (Mf) in
he form ˛t = (Mt − Mi)/(Mf − Mi). An important point to note in
his approach is the method used to estimate the final magnetiza-
ion. The experimentally obtained time dependent magnetization
as first least-squares fit to an exponential rise function and then

xtrapolated to a sufficiently long time (∼8 h). By this means, the
aximum attainable fraction of precipitates, taken as ˛t = 1, was

ssumed to be reached at such long isothermal holding times, as
llustrated in Fig. 1.

The magnetization behavior of Ni50Al50−xFex alloys (x = 20, 25
nd 30) was examined by continuous heating scans in VSM. Alloys
ndergo Curie transition below 500 K, and above these transition
emperatures, magnetization values begin to rise again starting
t around 700 K (Fig. 2). This is associated with the precipitation
f a secondary ferromagnetic phase with a higher Curie transi-

ion compared to the primary �-phase. Relevant phase diagrams
8,19,20] support that this ferromagnetic phase is an Fe-rich BCC
hase formed within the miscibility gap between ordered (B2, �-
hase) and disordered (�-Fe) BCC phases.
tion (Mf) values using experimentally determined time-dependent magnetization
in VSM.

In order to study the temperature dependence and kinetics of
precipitation of the mentioned ferromagnetic phase, isothermal
magnetization measurements were carried out at several selected
temperatures marked in Fig. 2 over the temperature range where
transient rises in magnetization are seen. Isothermal kinetics treat-
ment of the magnetization data covers temperatures above 800 K
since lower temperatures do not provide practical rates of magne-
tization.

Fig. 3 shows the time-dependent magnetization behaviors of
alloys measured over a temperature range of 800–900 K in 25 K
intervals under an applied field of 500 Oe for a duration of 2 h.
Magnetization increases gradually with a decreasing rate with time
in all isothermal magnetization experiments. Since an increase in
the isothermal temperature results in increased magnetization and
rate of magnetization with respect to time, it is clear that precip-
itation, as monitored by magnetization, is a thermally activated
process favored at higher annealing temperatures.

It is also seen in Fig. 3 that non-zero magnetization values are
recorded for the very first measurements following the relatively
fast heating stage (50 K/min) up to the isothermal temperature.
Thus, it could be stated that precipitation as monitored by isother-
mal magnetization does not show an apparent incubation period.
This behavior was previously encountered in studies utilizing a sim-
ilar magnetic monitoring approach and was attributed to the fact
Fig. 2. Thermomagnetization curves of alloys above 600 K where the temperatures
for isothermal magnetization measurements are marked.
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encountered (873 K in this case), significant losses in precipitation
strengthening are foreseeable.

Annealing at 673 K promotes the formation of fine �-Fe precipi-
tates within the �-phase matrix that impose significant hardening
Fig. 3. Time-dependent magnetization curves of (a) Ni50Fe20Al30, (b) Ni50Fe

Fig. 4 shows the time and temperature dependence of magne-
ization rates during isothermal measurements in VSM. Increase
n the isothermal temperature above 750 K results in sharp rises
n magnetization rates, particularly for the early stages of precip-
tation (10 min curve), which is indicative of notable precipitate
rowth rates. However, below 750 K magnetization increments are
arginal at all measurement times (10, 30 and 120 min curves).
herefore, by choosing an appropriate annealing temperature such
s 673 K, one could form desirable fine precipitates that would
mpart an ultimate strengthening effect. On the other hand, fol-

ig. 4. Rate of magnetization at different measurement times as a function of tem-
erature in isothermal VSM experiments. The curves correspond to the Ni50Fe25Al25

lloy.
and (c) Ni50Fe30Al20 alloys between 800 K and 900 K with 25 K increments.

lowing an annealing heat treatment where notable growth rates are
Fig. 5. Correlation between average rates of magnetization and micro-hardness of
the primary �-phase.
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Fig. 6. Bright field TEM micrographs and corresponding selected area d

20–55% gain in hardness relative to as-cast samples) via disloca-
ion pinning. It can be stated that these precipitates attained their
ptimum size because an increase in the annealing temperature to
73 K caused drops in hardness by ∼10–15%. This could be related
ith the coarser microstructure formed at high temperatures [7] in

ccordance with the significant increases in rates of magnetization
uring isothermal scans at such high temperatures in VSM. In this
espect, it is clear from Fig. 5 that an increase in the average rate
f magnetization causes decreased micro-hardness of the primary

-phase within which ferromagnetic precipitates are formed.

In our previous study [12], solidification microstructures of
s-cast Ni50FexAl50−x alloys with x = 20, 25 and 30 were stud-

Fig. 7. Avrami plots for (a) Ni50Fe20Al30, (b) N
tion patterns of Ni50Fe25Al25 alloy at annealed (a) 673 K, and (b) 873 K.

ied. The Ni50Fe20Al30 alloy revealed coarse grains of a single B2
type �-phase, whereas Ni50Fe25Al25 and Ni50Fe30Al20 contained
typical off-eutectic microstructure consisting of proeutectic B2
type �-dendrites and interdendritic eutectic (� and � phases).
Fig. 6 shows the TEM microstructures and selected area diffrac-
tion patterns of the dendritic regions in Ni50Fe25Al25 alloy. The
high-density fine BCC �-phase precipitates appear as bright regions
in the size range of 3–5 nm distributed uniformly within the
matrix of the alloy annealed at 673 K (Fig. 6a). In conformity with

reduced hardness and remarkable growth rates deduced from
large average rate of magnetization at 873 K isotherm (Fig. 5),
the microstructure of the alloy annealed at this temperature

i50Fe25Al25 and (c) Ni50Fe30Al20 alloys.
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ig. 8. Activation energies of precipitation as monitored by magnetization measure-
ents.

s coarser and precipitate sizes lie in the range of 8–15 nm
Fig. 6b).

Fig. 7 shows the Avrami plots drawn for various annealing tem-
eratures. The Avrami time exponent for the entire range of alloys
re close to n = 1, indicating that the precipitation reaction follows a
rst order kinetics. Therefore, it can be stated that the investigated
rocess is predominated by diffusion controlled growth [21]. The
traight line fits do not significantly deviate for the whole time-
cale of the measurements which means that precipitation occurs
ithout a change in its mechanism throughout the entire process.

Activation energies (Ea) for the growth process were determined
n Fig. 8 employing isothermal magnetization measurements at
everal temperatures where the ferromagnetic phase precipitates.
he activation energies were found to range between 74.6 kJ/mol
nd 82.6 kJ/mol with a maximal deviation of ±3.5 kJ/mol. The slight
ifferences in calculated activation energies for studied alloys
ight be related to variation in the composition of the primary
-phase where � crystallites precipitate.

The low activation energies together with non-zero mag-
etizations at the beginning of isothermal measurements (no
etectable incubation time) can indicate a process dominated
y the growth of already existing nuclei. Considering diffusiv-

ties in ternary Ni–Al–Fe alloys, the relatively lower activation
nergies deduced here might also be related to composi-
ional effects on diffusivity and influence of thermal vacancies
22].

Having found the magnetically assessed kinetic parameters (Ea,
and K), the general precipitation behavior of nano-sized BCC �-

hase can be followed by plotting the isothermal transformation
iagram provided in Fig. 9. The magnetic monitoring approach is

imited by the magnetic disordering temperature above which the
agnetization of alloys cease and the growth process cannot be
agnetically tracked. These upper limits were taken as the max-

ma of the derivative of temperature-scan magnetization curves
Fig. 2). Actually, during isothermal experiments, temperatures
bove magnetic disordering yielded lower rates of magnetization
nd suppressed magnetization values. The reason why the overall
rocess cannot be magnetically monitored above a certain temper-
ture could be the competition between the diffusion controlled
recipitation process and the magnetic disordering induced in the
erromagnetic �-phase at high temperatures.

The diffusion controlled growth of precipitates is highly depen-
ent on annealing temperature and proceeds faster at a higher

emperature. The completion of transformation, i.e. ˛ ∼ 1, is
eferred as the state where the equilibrium fraction of �-phase
recipitates is reached. For instance, transformation will be com-
leted at 873 K within 10 h for Ni50Fe20Al30 and Ni50Fe25Al25 alloys,
Fig. 9. Magnetically assessed time–temperature dependence of �-phase precipita-
tion in the Ni50Fe25Al25 alloy.

and 6 h for the Ni50Fe30Al20 alloy, and further annealing will cause
the microstructure to become unstable and coarsen to a lower
density of larger particles. On the other hand, at a lower anneal-
ing temperature (e.g. 673 K), transformation is almost complete in
168 h (˛ ≈ 0.97, 0.90, and 0.97 for Ni50Fe20Al30, Ni50Fe25Al25 and
Ni50Fe30Al20, respectively) yielding finer precipitates without fur-
ther coarsening.

4. Conclusions

In this study, time–temperature dependence and kinetic aspects
of �-phase precipitation in Ni50FexAl50−x alloys for x = 20, 25,
30 were investigated by continuous heating and isothermal
experiments in vibrating sample magnetometer. The �-phase pre-
cipitation process was treated by the JMA kinetic model where
the time exponent for the process assumed values around n = 1,
independent of the extent of precipitation, utilized isothermal tem-
perature and alloy composition. The activation energies for the
precipitation in three different alloy compositions were deter-
mined to range between 75 and 83 kJ/mol. It is concluded that the
examined process is diffusion controlled growth with decreasing
growth rate. Corresponding isothermal transformation diagrams,
providing a general picture for the nano-sized BCC �-phase pre-
cipitation, were drawn by using magnetically assessed kinetic
parameters.

Depending on the measured rates of magnetization at utilized
temperatures in isothermal runs, remarkable precipitate growth
rates are expected at annealing temperatures higher than around
750 K. It is intriguing that alloys annealed at 673 K presented
a microstructure comprising of fine precipitates which provided
ultimate hardening of the matrix involving precipitates, in accor-
dance with magnetic measurements. As opposed to that, a higher
annealing temperature of 873 K resulted in a coarser microstruc-
ture accompanied by a corresponding reduction in the extent of
precipitation hardening.
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