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The Ni-Al coatings were fabricated on the duralumin substrate by mechanical alloying method. The NiAl
and NisAl aluminide phases could be directly formed during mechanical milling as a result of reaction
between Ni and Al. The phase composition of the coatings could be optimized by the combinations of key
factors such as milling intensity, milling duration, the composition of the powder mixture and subsequent
annealing treatment. The hardness of the coating on the substrate was more than ten times that of the
initial duralumin substrate.
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1. Introduction

The available experimental data show that aluminide phases of
the Ni-Al system can be used as a protective coating for industrial
alloys because the Ni-Al intermetallic compounds offer a combina-
tion of good oxidation resistance and useful mechanical properties
at high temperatures [1-3]. The Ni-Al coatings can be especially
attractive for the low-melting point alloys such as Al alloys. How-
ever, there are some difficulties in fabricating intermetallic coatings
on the Al alloys using conventional coating techniques because of
considerable differences in the physical properties of the substrate
and aluminide phases such as their melting points, bonding prop-
erties, and low deposition rates. One of the new methods that could
be effectively used for fabrication aluminide coatings is mechani-
cal alloying (MA) [4-7]. In present paper, the formation of the Ni-Al
intermetallic coatings on the Al alloy by MA method was studied.

2. Experimental details

In the present experiments, the duralumin plates of dimensions
2mm x 20mm x 15 mm were used as substrates. The hardness of
the substrate was 55HV. The Ni (99.9%, <50 wm) and Al (99.7%,
<50 wm) powders were used as raw materials for MA deposition.
The Niand Al powders were mixed at the composition of Ni—50 at.%
Aland Ni—25 at.% Al. The MA was carried out in a planetary ball mill
AGO-2U with water-cooling. Steel balls with a diameter of 6 mm

* Corresponding author. Tel.: +7 495 6384413; fax: +7 495 6384595.
E-mail address: zadorozhnyyvlad@gmail.com (V. Zadorozhnyy).

0925-8388/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2011.01.164

weighing 100 g were used for the coating deposition. The weight
of the powder mixture for all cases was 10g. The coatings were
fabricated at two rotation speeds of vial: 620 and 840 rpm, termed
low intensity and high intensity process, respectively. No process
control agent was added to these powders. The temperature inside
the chamber was about 150-200°C at rotation speed of 620 rpm
and 400-450°C at rotation speed of 840rpm [8]. After that, as-
synthesized samples were annealed in Ar atmosphere at 550 °C and
were then cooled in the furnace. In all cases, the annealing time was
2h.

The phase composition of the coatings was characterized by X-
ray diffraction (XRD) analysis using a Dron diffractometer with the
Cu Ka radiation. The weight fractions of the phases were calculated
from the intensities of the diffraction peaks with an accuracy +5%.
The cross-sectional microstuctures of the coatings were observed
by using a Hitachi TM 1000 scanning electron microscope (SEM).
Microhardness measurements were carried out using an auto-
mated load HVS-1000 hardness testing machine at a load of 100 g
and a dwell time of 10s. Ten measurements were taken for each
sample and the average value obtained.

3. Results and discussion

During mechanical milling, the substrate surface was subjected
to high-energy ball impacts. The powder particles trapped between
the ball and substrate became cold-welded to the substrate surface.
It was found that the Ni-Al intermetallic compounds could be form
on the surface as a result of the reaction between Ni and Al during
mechanical activation process.
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Fig. 1. X-ray diffraction of the coating fabricated from Ni—25 at.% Al powder mixture.

Fig. 1 shows the XRD patents of the coating fabricated from the
Ni—25 at.% Al powder mixture. The phase composition and the vol-
ume fraction of the aluminide phases may be directly associated
with the power involved in the milling process and the milling
duration. During the low intensity process at the rotation speed
of 620 rpm, NiAl (around 20 wt.%) and Ni3Al (around 15 wt.%) were
formed after 60 and 120 min of milling. Milling for 120 min at the
rotation speed of 840rpm increased the volume fraction of the
NiAl phase up to 35 wt.% and decreased the volume fraction of the
Ni3Al phase up to 5wt.%. The subsequent annealing treatment of

the coating fabricated at the rotation speed of 840 rpm at 550°C
resulted in the formation of around 95 wt.% Ni3Al and 5 wt.% NiAl.
After annealing of the coating fabricated at the rotation speed of
620 rpm at 550 °C, the main phase was NiAl (around 60 wt.%), only
40 wt.% of NizAl was formed. The differences in the phase com-
position could be attributed to the different defect structure that
formed under the ball collisions and the different level of the strains
that was introduced into the materials. The temperature inside the
chamber at the rotation speed of 840 rpm was almost twice that at
620 rpm. On the one hand, the higher temperature increased mobil-
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Fig. 2. X-ray diffraction of the coating fabricated from Ni—50 at.% Al powder mixture.
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Fig. 3. The Ni-Al coating fabricated by MA method: (a) and (b) Ni3Al coating, cross-sectional microhardness of NiAl coating.

Table 1
Microhardness of Ni3Al and NiAl intermetallic coating fabricated on duralumin sub-
strate by MA and subsequent annealing at 550°C.

Duralumin substrate NiAl Coating Ni3Al Coating

55HV (initial) 750HV 650HV

ity of the atoms; on the other hand the high temperature decreased
the defect density and led to strain relaxation. It is likely that these
factors strongly influence the atom distribution during mechani-
cal alloying. The local distribution of the atoms had a great effect
on the further reaction between Ni and Al, and order of the phase
transformation.

It is interesting to note that when the Ni—50at.% Al powder
mixture was used for deposition of the coatings, only formation
of the NiAl phase was observed. Fig. 2 shows the example of the
XRD spectra of as-fabricated coatings. The phase composition of
as-fabricated coatings was around 90 wt.% of NiAl and 10 wt.% of
Ni. The annealing treatment at 550 °C did not change strongly the
phase composition. The coating was stable. These results suggest
that the NiAl intermetallic coating can be directly fabricated during
mechanical alloying without annealing treatment.

Fig. 3a and b shows the examples of the cross-sectional
microstructure of the Ni aluminide coatings fabricated by MA
method and subsequent annealing treatment. The thickness of the
coating was around 100-150 pm. The coatings were rather dense
and uniform. Fig. 3c shows the cross-sectional microhardness of the
coatings and substrate. The microhardness of the coatings is listed
in Table 1. The hardness of the duralumin substrate coated with
the Ni-Al compounds increased dramatically. The hardness of the
coating on the substrate was more than ten times that of the initial
substrate.

4. Conclusions

The Ni-Al coatings were fabricated on the duralumin sub-
strate by mechanichal alloying method. The NiAl and Ni3Al
aluminide phases could be directly formed during mechani-
cal milling as a result of reaction between Ni and Al. The
phase composition of the coatings could be optimized by the
combinations of key factors such as milling intensity, milling dura-
tion, the composition of the powder mixture and subsequent
annealing treatment. The hardness of the coating on the sub-
strate was more than ten times that of the initial duralumin
substrate.
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