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Microstructures and Properties of Nanocrystalline NiFe Alloy
With and Without Particulate TiC Reinforcement by Mechanical
Alloying

MOHAMMAD HASSAN SHIRANI BIDABADI, ALI SAIDI, MASOUD KASIRI,
MOHAMMAD AHMADI RENANI, and AKBAR CHAMI

In the current study, Ni50Fe50 alloy powders were prepared using a high-energy planetary ball
mill. The effects of TiC addition (0, 5, 10, 20, and 30 wt pct) and milling time on the sequence of
alloy formation, the microstructure, and microhardness of the product were studied. The
structure of solid solution phase, the lattice parameter, lattice strain, and grain size were
identified by X-ray diffraction analysis. The correlation between the apparent densities and the
milling time is explained by the morphologic evolution of the powder particles occurring during
the high-energy milling process. The powder morphology was examined using scanning electron
microscopy. It was found that FCC c (Fe–Ni) solid solution was formed after 10 hours of
milling, and this time was reduced to 7 hours when TiC was added. Therefore, brittle particles
(TiC) accelerate the milling process by increasing crystal defects leading to a shorter diffusion
path. Observations of polished cross section showed uniform distribution of the reinforcement
particles. The apparent density increases with the increasing TiC content. It was also found that
the higher TiC amount leads to larger lattice parameter, higher internal strain, and lower grain
size of the alloy.
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I. INTRODUCTION

NICKEL and Iron-based super alloys are used for a
wide variety of applications, the majority of which
involve corrosion resistance and/or heat resistance. Some
of these include aircraft gas turbines, steam turbine power
plants, medical applications, nuclear power systems,
chemical, and petrochemical industries. In addition,
because of their unique low coefficient of thermal
expansion, iron-nickel alloys have been used in industrial
applications for over 100 years.[1,2] Metal matrix com-
posites with steel matrix and ceramic particulate rein-
forcements are potential materials for structural
applications because of their attractive physical and
mechanical properties.[3].Among various ceramic partic-
ulates, TiC with high melting point (2792 K (3065 �C))
and low density (4.93 g/cm3) is considered as the best
reinforcement material for steel matrix composites.[4] A
relatively new technique for the production of alloys and
composite powders is mechanical alloying (MA).[5–7]

Mechanical alloying may be defined as a method for
producing composite metal powders with a controlled
fine microstructure. It is accomplished by the repeated
fracturing and rewelding of powder particles mixture in a

highly energetic ball mill. Components can consist of
ductile metals, brittle metals, intermetallic compounds or
nonmetals, and refractory compounds.[8] The current
investigation has been concerned with a more detailed
examination of alloy formation and microstructure
changes in Fe-Ni system during ball milling, particularly
the effect of TiC addition, when the elemental powders
(NiFe) are milled with or without TiC, in a high-energy
planetary ball mill.

II. EXPERIMENTAL

Elemental powders of nickel (Ni) (99.5 pct purity,
100 lm average particle size), iron (Fe) (99.2 pct purity,
150 lm average particle size), and titanium carbide
(TiC) (99.8 pct purity with an average particle size
<250 lm) were used in the current investigation
(Figure 1). NiFe-TiC powder mixtures (0, 5, 10, 20,
and 30 wt pct TiC) were prepared in a planetary high-
energy ball mill (home built) at a rotation speed of
600 rpm under Argon atmosphere. The vial diameter
was 100 mm and was made of hardened chromium steel
with stainless steel balls (diameter: 20 mm). The ball-
to-powder weight ratio was 20:1. Different milling times
ranging from 1 to 25 hours were used. Morphology and
microstructure of the samples were characterized using
scanning electron microscopy (SEM) (LEO 435VP and
VEGA TESCAN). X-ray diffraction (XRD) experi-
ments were conducted using Philips X’Pert High Score
using CuKa radiation. Lattice parameter was deter-
mined by Bragg’s law nk = 2d sinh. Crystallite sizes and
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microstrains were calculated by Williamson–Hall meth-
od.[9] Microhardness data for the powders were
obtained on a Leitz GMBH WETZLAR ERNS7 micro-
hardness setup using a load of 50 g. Ten measurements
were made on each sample. The apparent density of the
milled powders was determined according to ASTM
B417 Standard.

III. RESULTS AND DISCUSSION

XRD measurements were performed for all samples
milled at different milling times. Diffraction patterns
allow studying the process of alloy formation. Figure 2
shows the evolution of XRD patterns for Fe50Ni50

Fig. 1—Morphology of starting materials (a) Ni, (b) Fe, and (c) TiC.

Fig. 2—X-ray diffraction spectra of mechanical alloying Fe50Ni50 for
various milling times.

Fig. 3—X-ray diffraction spectra of mechanical alloying: (a) FeNi-5
wt pct TiC, and (b) FeNi-10 wt pct TiC for various milling times.
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samples as a function of milling time. XRD spectrum for
the starting powder (labeled 0 hour in Figure 2) shows
reflections corresponding to distinct bcc Fe and fcc Ni
metals. With an increase in milling times, all diffraction
lines broaden, indicating a continuous decrease in grain
size and the introduction of lattice strain. After 10 hours
of milling, we observed that the peaks (2 0 0) and (2 1 1)
corresponding to a-Fe bcc disappear, and the Ni peaks
slightly shift toward lower angles. This shows the
formation of fcc solid solution of Ni and Fe, and the
shift toward the lower angle is due to the expansion of
the lattice on Fe-Ni alloy formation. In other words, this
proves that Fe atoms dissolve in the nickel lattice
leading to the formation of fcc solid solution c (Fe–Ni)
(called taenite) with space group Fm3m. In addition, the
disappearance of almost all diffraction lines in 25 hours
of milling indicates that the milled powder grains
(crystallite size) have been significantly refined. It is
worth noting that for Fe50Ni50 obtained by MA, the
formation of fcc solid solution c (Fe–Ni) (i.e., taenite)
was confirmed by Jartych et al.[10] after 50 hours of
milling time using planetary ball mill (A stainless steel
vial and balls were used), Guittoum et al.[11] after
24 hours of milling time using Retch PM400 planetary
ball mill, Kaloshkin et al.[12] and Baldokhin et al.[13]

after 1 hour of milling using AGO-2U planetary ball
mill.

The X-ray patterns obtained from powders corre-
sponding to NiFe-5 wt pct TiC and NiFe-10 wt pct TiC
after various milling times are shown in Figure 3(a) and
(b), respectively. As can be seen, further increase in MA
duration results in further broadening of the peaks of
both samples as a result of grain refinement and buildup
strain during MA. This trend is more obvious in
Figure 3(b). Examination of X-ray patterns in Figures 2
and 3(b) shows that times are comparatively shorter for
the formation of fcc solid solution c (Fe–Ni) in the case
of NiFe-10 wt pct TiC. These observations are in
agreement with the generally faster kinetics of MA
process in the presence of a hard phase (TiC). Moreover,
a notable decrease in the peak intensity of TiC after

15 hours of milling can be observed as a consequence of
the loss of crystallinity produced by the distortion and
accumulation of defects in the structure. During high-
energy milling, the powder particles are repeatedly
flattened, cold welded, fractured, and rewelded. The
presence of reinforcement particles between the particles
during welding increases local deformation in the
vicinity of the reinforcement particles, and improvement
of refined microstructure.[7] In addition, alloy formation
takes place because of the combination of decreased
diffusion distances, increased lattice defect density, and
any heating that may have occurred during the milling
operation.[14] The presence of brittle particles like TiC
during MA, increases work hardening rate of ductile
powder particles, transfers higher kinetic energy into the
powders, and higher kinetic energy leads to the presence
of a variety of crystal defects such as dislocations,
vacancies, stacking faults, and increased number of
grain boundaries. Furthermore, the refined microstruc-
ture decreases the diffusion distance. The presence of
these defects and small diffusion distances in the refined
microstructure gives rise to the formation of fcc solid
solution c (Fe–Ni) in a shorter time of milling (after
7 hours of milling as shown in Figure 3(b)).

Fig. 4—Lattice parameter versus milling time for Ni50Fe50, NiFe-5
wt pct TiC, and NiFe-10 wt pct TiC samples.

Fig. 5—Variation in (a) crystallite size and (b) internal strains of mil-
led powders with milling time.
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Figure 4 shows the dependence of lattice parameter
on the milling time of the unreinforced, 5 and 10 wt pct
TiC-reinforced powders. From 0 to 5 hours of milling,
the lattice parameter for all samples is approximately
stable except for NiFe-10 wt pct TiC, but from then on,
the lattice parameter uniformly increases with milling
time from 0.35282 ± 0.00006 nm for a pure Ni to
0.36074 ± 0.00006 nm for NiFe-10 wt pct TiC after
25 hours of milling. It is clear from the plot that an
abrupt increase in the lattice parameter when milling
time (t) is increased from 5 to 10 hours, especially in
NiFe-10 wt pct TiC samples, recalls that in this range,
Fe50Ni50 starts progressively to form, while pure Fe
disappears between 10 and 25 hours (where only the
alloy phase exists), the increase in lattice parameter is
not as large as that in the previous stage. In general, the
increase in lattice parameters has been found because of
the solid solution formation or the amorphous phase
formation.[7] In addition, the increase in lattice param-
eter with milling time is due to the disordering of the
alloy as suggested by Oleszak and Shingu[15] in the case
of FeAl alloy. The increase in the value of lattice
parameter with an increasing amount of TiC may be
related to accumulation of lattice imperfection in the
process of continuous fracture and rewelding of powders
under high-energy impact.[16] This effect is increased by
TiC as a hard phase. Another reason for the slight
increase in the lattice parameter of the FeNi with 10 wt

pct TiC can be attributed to the presence of Fe debris
caused by the abrasion of balls and vial, thereby more
Fe atoms dissolve in the nickel lattice. In fact, the
presence of a higher content of the reinforcement
particles increases the abrasion so that Fe amount in
the 10 wt pct TiC-reinforced powders is larger than that
in the unreinforced powders and 5 wt pct TiC-reinforced
powders. It is interesting to note that, for comparison,
for MA of Ni50Fe50, Jartych et al.[11] found a lattice
parameter equal to 0.3594 nm after 50 hours of milling
using a planetary ball mill, and Tcherdyntsev et al.[17]

obtained a value of 0.3590 nm after 1 hour of milling
with AGO-2U planetary ball mill. Djekoun et al.[18]

achieved a lattice parameter value of 0.3601 nm after
322 hours of milling using Fritsh Pulverisette 7 plane-
tary ball mill.
The variations in crystallite size hDi and internal strain
hei with milling time are plotted in Figures 5(a) and (b).
It is clear that the crystallite size monotonously decreases
with the increasing milling time. This decrease in hDi is
accompanied by an increase in the mean internal strain
level hei, as shown in Figure 5(b). As shown in
Figure 5(a), the crystallite sizes decrease continuously
up to 5 hours of milling, decrease slightly up to 10 hours
of milling, and then remain constant at about 8 to 12 nm
for higher milling time. Furthermore, the reinforced
powders achieve the similar level of refinement in a
shorter milling time. The increase in the amount of

Fig. 6—SEM micrographs of Ni50Fe50 powders for various milling times: (a) 1 h, (b, c) 3 h, (d) 25 h.
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reinforcement decreases the time necessary to produce
the same level of refinement. However, as shown in
Figure 5(b), the internal strain initially increases signif-
icantly with an increase in milling time, and then remains
approximately constant at about 0.4, 0.7, and 0.9 pct
after 25 hours of milling for Ni50Fe50, NiFe-5 wt pct TiC
and for NiFe-10 wt pct TiC, respectively.

The powder morphology and microstructure were
studied by SEM. Figures 6(a), (b), and (d) shows the

morphologic evolution of Ni50Fe50 alloy as a function of
milling time (1, 3, and 25 hours). It can be seen that
different morphologies are present during the MA
stages. As a result of intensive fracture and cold welding
as presented in Figure 6(a), composite particles are
formed after 1 hour of milling time. For 3 hours of
milling time, the particles change into a flake-like or
platelet-like shape (Figure 6(b)). Powders have a lamel-
lar, multilayer structure and are elongated in shape
(Figure 6(c)) typical of materials prepared by MA for
ductile or brittle elements.[19] For the longest milling
time (25 hours; see Figure 6(d)), a majority of particles
exhibit a round shape with a small diameter; however,
one can still note the presence of some large ones having
a platelet-like shape.
Figure 7 shows the morphologic evolution of

Ni50Fe50 reinforced with 10 wt pct TiC as a function
of milling time (1, 5, and 25 hours). In contrast with the
unreinforced alloying, flattened particles can already be
observed after 1 hour of milling (Figure 7(a)). After
5 hours of milling (Figure 7b), equiaxed particles are
formed through a piling up of laminar particles as a
result of the continuous welding process. In other
words, in the initial stages of milling, the ductile
particles undergo deformation while the brittle ones get
fragmented. Then, when ductile particles start to weld,
the brittle ones tend to become occluded by the ductile
constituents and trapped in the ductile particles to form
flattened composite powders. Since welding is the
predominant mechanism in the process, morphology
of the particles changes by aggregating laminar parti-
cles. These phenomena; deformation, welding, and
solid dispersion harden the material and increase the
fracture process, which also contributes to the equiaxed
morphology.[20,21] After 25 hours of milling
(Figure 7(c)), most of the particles’ morphologies
change approximately into spherical shapes that are
agglomerated. The morphologic analysis shown in
Figures 6 and 7 clarifies the differences caused in the
process by adding reinforcement, and the way rein-
forcement particles produce distinct effects. From the
observation of the powder morphology as a function of
milling time, it can be verified that the presence of
brittle reinforcement particles interferes with the kinet-
ics of the process, and accelerates it. This effect can be
explained by the additional metal particle deformation
caused by the reinforcement particles. For a better
understanding of the reinforcement effect on MA, a
brief discussion that was suggested by Foganolo
et al.[22] may be of use. The welding process that
occurs in the mechanical milling/MA is driven by cold
deformation. There is a critical deformation at which
higher deformation will produce welding, while lower
deformation will not. During welding, the reinforce-
ment particles increase local deformation in the vicinity
of the particles. An increase in the local deformation
improves the particle welding process. Besides this, the
higher local deformation imposed by reinforcement
particles increases the deformation hardening, which
leads to an improvement of the fracture process. The
presence of reinforcement particles, the improvement
in the welding, and fracture mechanisms may explain

Fig. 7—Morphologic evolution of the Ni50Fe50 reinforced with 10wt
pct TiC with high-energy milling time: (a) 1 h; (b) 5 h, and (c) 25 h.
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why the whole MA process is completed in a shorter
time. Another possible explanation is that the smaller,
harder brittle particles in the mix act as small milling
agents with an improvement in the energy of the
system, thus reducing the milling time necessary to
achieve the steady state.

Figure 8 shows the morphology of NiFe-0, 5, 10, 20,
and 30 wt pct TiC composite powders after 10 hours of
MA. It appears that by increasing the TiC content, the
morphology of particles gradually changed from

flake-like (Figure 8(a)) to irregular shape (Figure 8(e)).
Figure 9 shows the dependence of apparent density on
the milling time of the unreinforced, 5, 10, 20, and 30 wt
pct TiC-reinforced powders after 10 hours of milling
time. Although apparent density is sometimes used as an
indication of MA process, this measurement is very
dependent on particle morphology and is not really
accurate. As can be seen, the density gradually increased
by increasing the TiC content. The flaky morphology of
the powders means poorer powder packing, and

Fig. 8—Morphology of Ni50Fe50 (a) and NiFe-TiC powders containing (b) 5, (c) 10, (d) 20, and (e) 30 wt pct of reinforcement particles after
10 h of mechanical alloying.
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decrease in the apparent density values as a result of
high friction and formation of bridges; in contrast,
equiaxed powders have a better powder packing and an
increase in the apparent density because of lower
tendency to form bridges and the relatively good
mobility.[23] The higher density can also be attrib-
uted to the equiaxed particles formed at higher TiC
contents.

Further proof for the accelerating effect of TiC
additions on the progress of MA emerged from an
examination of the relative variations in the integrated
intensities of the (111) and (200) lines of nickel with
milling time. Figure 10 shows the variation in relative
intensity (pct) of Ni (200) with respect to Ni (111) as a
function of milling time of up to 25 hours. In the case of

Ni50Fe50, there is a distinct increase in this value in the
initial stages (up to 3 hours) of milling followed by a
decrease to a substantially constant value of around 30
pct beyond 10 hours of milling. This can be understood
by considering the anisotropy in the elastic module of Ni
single crystal. Therefore, grains within a powder particle
are deformed into thin layers in the ‘‘soft’’ direction,
perpendicular to the direction in which the powder
particles were flattened by the milling ball. When the
sample is prepared, to perform the powder XRD
analysis, this flattened powder and its (200) planes are
arranged parallel to the sample holder.[24] This should,
therefore, lead to a reduction in the intensities of the
(111) reflections and a consequent rise in the (200)/(111)
intensity ratio, as seen in the early stages of milling.
With further milling, the flattened particles are fractured
and divided to equiaxial particles. Therefore, particles
lose their preferred orientation, and their planes of
reflection are randomly arranged again and I111 recovers
its significance. An examination of the intensity ratio
variation for NiFe-10 wt pct TiC shows that a very little
increase in this ratio sets in after 1 hour of milling and
that a subsequent reduction in this ratio takes place only
after 3 hours, indicating again that the TiC addition
noticeably accelerates the overall kinetics of the MA
process. Similar results of the I(1 1 1)/I(2 0 0) ratio with
milling time were observed by Amador[25] and Fogag-
nolo,[9] while experimenting with Fe-based Fe–Ni–Cu
alloys and AlN particle-reinforced Al-6061 matrix
composites, respectively.
In order to demonstrate the uniform distribution of

TiC in matrix, a polished cross section of the NiFe-20 wt
pct TiC milled for 10 hours was prepared and examined
by SEM-EDX. EDX-map of Ti, C, Ni, and Fe are
shown in Figure 11. This reveals that TiC particles are
distributed uniformly within the NiFe matrix alloy.
Thus, a well-dispersed reinforcement was obtained
which is imperative for optimal mechanical properties.
Table I shows Vickers microhardness of the unrein-

forced, 5, 10, 20, and 30 wt pct TiC-reinforced powders
after 10 hours of milling. The hardness value of
280 ± 30 HV (50 g) for Ni50Fe50 powders increases by
increasing TiC content and reaches a maximum value of
1017 ± 20 HV (50 g). The hardening mechanisms of
metals and alloys, promoted by deformation, grain
refinement, and solid dispersion are well known.
Mechanical milling/MA processes promote a high
degree of deformation, reduce the grain size to nano-
meter level, and produce an extremely fine distribution
of oxides, carbides, nitrides, etc. depending on the
processing parameters in the structure of the metal. In
addition, the noticeable increase in microhardness by
increasing TiC content can be attributed to the high
density of dislocations because of the high degree of
deformation imposed by the process. In other words, the
outstanding hardness (Table I) of the mechanically
alloyed composite powders is due to two factors: the
effect of the MA process on the matrix alloy, and the
effect of the reinforcement.

Fig. 9—Apparent density versus various pct TiC after 10 h of
mechanical alloying.

Fig. 10—Variation in relative intensity of Ni(200) with respect to
Ni(111) as a function of milling time.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Author's personal copy



IV. CONCLUSIONS

Mechanical alloying has been applied for alloys
synthesis from Fe–Ni powder mixture. This process
occurs in two steps: First a lamellar structure is formed.
By increasing the milling time, the refinement of the
structure continues further. At this stage, the lamellar
structure disappears.

Mechanical alloying improves the distribution of TiC
throughout the Fe50Ni50 matrix, decreases the reinforce-
ment particle size, and eliminates the reinforcement particle
defects, thus enhancing the composite characteristics.

The presence of TiC particles aids in accelerating the
MA process.

As the TiC content increased, finer particles with higher
apparent density were obtained. At a given milling time,
themorphology of the powder particleswasmore irregular
at higher TiC contents indicating faster MA stages.
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