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MICROSTRUCTURE OF NiAl + 15 WT.% CrB2 NANO-CRYSTALLINE
COMPOSITE COATINGS OBTAINED THROUGH CO-MILLING OF NiAl
AND CrB, POWDERS

The development of a new deposition method allowing to obtain thick composite coatings is of both scientifically and
practical importance. The one presented in this paper is based on a negative side effect taking place during the mechanical
synthesis of alloys, i.e. sticking of milled material to the surfaces of both the vial and balls. The experiment covered the co-
milling of NiAl (~45 pm) with 15 wt.% CrB, (~40 pm) powders together with nickel platelets used as the substrates and steel
balls. The above processing performed at 200 rpm resulted in a steady increase in the thickness of the rubbed-in buildup on
the platelet surfaces allowing coatings of 4, 11, 22 and 33 pum to be produced after 4, 8, 16 and 32 hours. The OM, XRD and
TEM investigations showed that such coatings are characterized by a gradient microstructure with heavily dislocated but
coarser grains near the substrate and a more porous inner part formed with rounded well fused agglomerates of greatly
refined crystallites. The CrB, were only slightly larger than the NiAl ones and were distributed quite uniformly. Most of the
coating was found well fused with the substrate, but occasional voids and porosity at the substrate/coating interface were also
noted. It is worth noting that applying the proposed method allowed the authors to produce a thick, gradient and mostly
nano-crystalline NiAl and CrB, composite coating.
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MIKROSTRUKTURA NANOKOMPOZYTOWYCH POWLOK
NiAl + 15% WAG. CrB; OTRZYMANYCH PRZEZ WSPOLMIELENIE
PROSZKOW NiAl ORAZ CrB2

Rozwdéj nowych metod osadzania powlok kompozytowych jest istotny z naukowego i praktycznego punktu widzenia.
Metoda proponowana obecnie bazuje na negatywnym zjawisku zachodzacym w czasie mechanicznej syntezy stopow, tj.
oklejaniem mielonym materialem kul i naczynia w ktorym prowadzony jest proces. Obecny eksperyment obejmowal wspol-
mielenie stalowymi kulami proszkéw NiAl (~45 pm) z 15 wt.% CrB, (~40 um) z plytkami Ni zastosowanymi jako podloza.
Proces ten, prowadzony przy 200 obr./min, skutkowal ciaglym powi¢kszaniem grubo$ci powlok do 4, 11, 22 i 33 pm
odpowiednio po 4, 8, 16 i 32 godz. Badania z wykorzystaniem mikroskopii optycznej, transmisyjnej oraz dyfraktometrii
rentgenowskiej wykazaly, ze powloki te charakteryzuje budowa gradientowa z warstwa silnie zdefektowanych, ale
stosunkowo duzych krystalitow przy podlozu stopniowo zastgpowanych nanokrystalicznym porowatym materialem w formie
silnie spojonych aglomeratéw. Krystality CrB, wykazywaly niewiele mniejsze rozdrobnienie od NiAl oraz w przyblizeniu
réwnomierny rozklad w intermetalicznej osnowie. Powloki w wi¢kszej cz¢Sci wykazywaly dobre spojenie z podiozem, ale
obecno$¢ pustek oraz porowato$ci penetrujacej od granic z podlozem byla dokumentowana. Nalezy podkresli¢, ze
zastosowanie proponowanej metody umozliwia wytworzenie grubych, gradientowych i w przewazajacej cz¢Sci nano-
krystalicznych kompozytowych powlok.

Stowa kluczowe: NiAl, kompozytowe powloki NiAl CrB,, mechaniczna synteza, TEM

INTRODUCTION

NiAl coatings draw a strong interest as they are
characterized by high both hardness and oxidation resis-
tance [1, 2]. Practically, their only drawback is a rela-
tively low wear resistance at high temperature. A way
to circumvent this disadvantage in the case of bulk
materials is usually sought through the addition of ce-

ramic particles. They help to distribute external loads
throughout the matrix as long as they are well fused
with it. Experiments with plasma spraying showed that
coatings with an admixture of titanium, zirconium or
chromium diboride particles in an NiAl intermetallic
matrix significantly lower its wear [3-10]. An addition
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of ~15 wt.% of CrB, turned out to be especially effec-
tive in that case by lowering the wear by four times at
500°C as compared with unmodified NiAl coatings
[10-14]. These investigations also indicated that the
simultaneous transfer of both light borides and signifi-
cantly heavier intermetallics result in significant loss of
the former fraction. Therefore, either new powder
agglomeration procedures will have to be elaborated or
another coating deposition method will have to be
sought.

The mechanical synthesis of alloys through milling
elemental powders routinely forms a thick coating both
on the balls and sides of containers used in this process
even with an addition of anti-sticking agents. It has
already been shown that this undesired phenomenon
might be turned into an advantage, i.e. used as a new
NiAl intermetallic coating deposition method [4, 5, 10,
15]. An obvious limitation of such rubbing of materials
is a problem of the geometry of the process, as the best
form of substrates are the inner sides of cylinders of
diameters in a low decimeter range. Simultaneously,
neither the substrates nor the deposited materials are
excessively heated and all the starting fractions are
transformed into a coating in the original ratio. How-
ever, the applicability of this new deposition method to
produce much harder and brittle composite coatings has
to be evaluated.

The aim of the presently described experiments was
to assess the possibility of depositing a composite coat-
ing through milling NiAl and CrB, powders. The mill-
ing was performed together with Ni platelets used as the
substrates and at settings used as standard for mechani-
cal synthesis of alloys starting from elemental powders.
The obtained coatings were characterized by X-ray
diffraction (XRD) as well as light and transmission
electron microscopy (LM, TEM) methods.

EXPERIMENTAL PROCEDURE

NiAl (99.97% purity/45 pm av. size) and CrB,
(99.99 purity/40 pm av. size) powders supplied by
Polema JSC were used in the present experiment. Up to
40 g of NiAI-15 wt.% CrB, mixed powders were loaded
under argon atmosphere into 0.5 | stainless steel con-
tainers together with Ni platelets (10 mm x 10 mm
x 2 mm) serving as the substrates and 10 mm steel balls
(the ratio of ball weight to powder was 10:1). Next the
containers were rotated at 200 rpm in a high energy
Fritsch mill in 15 min cycles separated by 45 min
breaks necessary to cool them down. The NiAl and
CrB; used as the starting materials were of 40+70
micrometers and 20+40 micrometers, respectively.

The milled Ni platelets were first examined via
visual observations. Next they were cut in half and
cross-sections of the obtained coatings were observed
using light microscopy. Finally, the coatings were char-
acterized by X-ray diffraction using an APD (Philips)
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system and transmission electron microscope Tecnai
G2 F20 (200 kV). Thin foils for TEM observations
were prepared from the substrate/coating interface area
by cutting them out with the Ga™ ions with the help of
the FEI Quanta Dual Beam Focused Ion Beam (FIB)
system. In the first step, a selected site was protected by
depositing a 20 pm x 2 pm platinum strip, which
determined the initial length and thickness of the thin
foil, respectively. The in-depth dimension of the thin
foil was set at ~8 pm and controlled by the milling
time and current of the Ga' ion beam. Then, the pro-
duced platelet was lifted from the sample with the
Omniprobe system, mounted to a Cu grid. Next, it was
subjected to final thinning with Ga™ beams of low
current till the thickness of the thin foil was reduced
to ~100 nm.

RESULTS

The milling of NiAl and CrB, powders caused
a quick formation of deposit on the nickel platelets
added together with steel balls, i.e. the development of
roughness was evident even after 4 hours of such proc-
essing (see inserts in Fig. 1). Additionally, at the begin-
ning of this process parts of the substrates were still
deposit-free. The result of balls hitting the platelets is
especially well visible at their rounded edges. The
observations of the cross-section of the coatings indi-
cated that the surface roughness is to a large extent
reproduced at the coating/substrate interface (Fig. 1). It
was found that the coating thickness increased at
a roughly similar rate for both the NiAl and NiAl with
the 15 wt.% addition of CrB, (Fig. 2). Simultaneously,
the deposition rate was evidently higher at the
beginning of the process rising up to 1.5 pm/h after
8 hours only to fall to ~1 um/h after 32 hours. The
thickest coatings obtained after longest processing
lasting 32 hours were for both type of powders close
to 30 um.

The TEM observations of sections of the coatings
proved that in all cases they are well fused with the
substrate even though occasional defects in the form of
voids or cracks are also present after the long set mill-
ing time, i.e. 32 hours (Figs. 3 and 4). Close to the
nickel substrate a 1 to 2 um band of fine, frequently
elongated grains develops. The NiAl coatings show an
evident gradient type microstructure with highly dislo-
cated but evidently coarser grains closer to the interface
(Fig. 3a), followed by bends of roughly fused rounded
agglomerates of nanocrystallites (Fig. 3b). The size of
these crystallites changes from ~50 to ~10 nm
present closer and farther from the interface, respec-
tively (Fig. 3c). The diffraction pattern, acquired from
that area, contains uniform rings of intensity which also
proves its nano-crystaline character. Indexing the
SAED pattern confirmed that it corresponds to the
B-NiAl intermetallic phase (Fig. 3d).
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Fig. 1. Light microscopy (LM) images of coatings formed on sections of Ni platelets milled for 4, 8, 16 and 32 hours in NiAl (a-d) and NiAI+CrB, (e-h)
powders (photographs of platelets in inserts)

Rys. 1. Obrazy uzyskane z wykorzystaniem mikroskopu optycznego przekrojow powlok wytworzonych na plytkach NiAl po 4, 8, 16 i 32 godz.
mielenia w proszkach: Ni (a-d) i NiAl+CrB; (e-h) (fotografie ptytek umieszczone na wklejkach)

Fig. 2. Deposition rate for NiAl and NiAl+CrB; coatings
Rys. 2. Szybkos¢ osadzania dla NiAl oraz NiAI+CrB,
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Fig. 3. TEM images of microstructure of NiAl coating: a) near substrate, b) far from substrate and c) inside of rounded agglomerates, d) SAED pattern
acquired using 40 um aperture, ¢) radial plot of circumferential integration of SAED pattern intensity

Rys. 3. Obrazy TEM mikrostruktury powtok NiAl: a) przy podiozu, b) daleko od podtoza oraz c) wewnatrz zaokraglonych aglomeratow, d) dyfrakcja
SAED uzyskana za pomoca apertury o srednicy 40 pum, e) widmo uzyskane poprzez scatkowanie intensywnos$ci pierscieni dyfrakcyjnych

SAED

The NiAl coatings with the addition of chromium
diboride bear strong resemblance to the NiAl ones, with
the exception that closer to the interface large chro-
mium diboride crystallites are surrounded by refined
NiAl grains (Fig. 4a), hence the gradient microstructure
is less developed. However, away from the coat-
ing/substrate interface, again the presence of rounded
nano-crystalline agglomerates (this time imbedded with
slightly larger and of whitish contrast chromium dibor-
ide particles) was documented (Fig. 4b). Simultane-
ously, the nano-crystallite size of NiAl in the composite
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coating is significantly smaller than that in the NiAl
coating, as could be compared by looking at Figures 3c
and 4c. Namely, the size of the NiAl nanocrystallites
and chromium diboride particles stayed below 15 and
200 nm, respectively (again, measured away from the
substrate/coating interface). The selected area of elec-
tron diffraction allowed the authors to prove
that the whitish particles visible in Figure 4c correspond
to the CrB; phase and they are surrounded by nanocrys-
tallites of the PB-NiAl intermetallic phase (Fig. 4d
and 4e).
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Fig. 4. TEM images of microstructure of NiAl+15 wt.% CrB, coating: a) near substrate, b) far from substrate and c) inside of rounded agglomerate,
d) SAED pattern acquired using 40 pum aperture, ¢) radial plot of circumferential integration of SAED pattern intensity

Rys. 4. Obrazy TEM mikrostruktury powlok NiAl+CrB,: a) przy podlozu, b) daleko od podtoza oraz c) wewnatrz zaokraglonych aglomeratow,
d) dyfrakcja SAED uzyskana za pomoca apertury o $rednicy 40 pum, e) widmo uzyskane poprzez scatkowanie intensywnosci pierscieni

dyfrakcyjnych SAED

The XRD spectra acquired from the nickel platelets
milled in NiAl powder were dominated by Ni
peaks from the substrate accompanied by a series of
much weaker ones characteristic of the NiAl phase,
which persists even for the longest processing times
(Fig. 5).

Comparing the spectra acquired from the coatings
obtained after 8 and 32 h of milling, diminished by 30%
resulting from smaller penetration of the X-ray beam
and increased absorption of characteristic X-ray radia-
tion by the thicker coating. The peaks representing the
NiAl intermetallic are both lower and wider, which

could be explained by progressive refinement of the
coating grain size.

The spectra obtained from the platelets milled in
NiAl + 15 wt.% CrB, showed a similar decrease
(~25%) in the intensity of the lines originating from the
substrate (Fig. 6). Nonetheless, the peaks from NiAl not
only diminish in intensity in-between both processing
runs but were also much smaller compared with that
obtained from the NiAl coating at respective times.
Such an effect agrees with the microstructure observa-
tion pointing toward a significantly finer crystallite size
of the NiAl matrix in the NiAl+CrB; coating.
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Fig. 5. XRD spectra from NiAl coatings obtained after 8 hrs and 32 hrs
of milling

Rys. 5. Widma XRD mierzone dla powltok NiAl po 8 i 32 godz. mielenia

Fig. 6. XRD spectra from NiAl+CrB, coatings obtained after 8 hrs and
32 hrs of milling

Fig. 6. Widma XRD mierzone dla powlok NiAl+CrB, po 8 i 32 godz.
mielenia

DISCUSSION

The experiments aimed at taking advantage of the
negative effect taking place during the mechanical syn-
thesis of alloys, i.e. sticking of the milled materials on
the container sides and balls, and using it as a new
method for depositing composite coatings, turned out to
be successful, as documented in the result section. Even
milling of the square nickel platelets serving as the sub-
strates together with either NiAl or the NiAl intermetal-
lic and CrB,, powders helped to deposit on the surface
of the former, well adhering intermetallic NiAl or com-
posite NiAl+CrB, coatings. Developing this method
aimed at substituting the present platelet substrates with
the inner walls of metallic cylinders fitting milling vials
should be an easy way to increase the rate of kinetic
energy transfer of the balls, rising both the coating
deposition rate as well as its adhesion. A comparable
deposition rate for intermetallic and composite coatings
may at first seem strange. However, NiAl is quite hard
by itself and a 15 wt.% addition of CrB; is in the case
of composite materials a relatively small addition.
Therefore, at first the deposition process is dominated
by sticking to the nickel substrate of intermetallic parti-
cles with occasional crushing of the CrB, particles in
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the case of milled mixtures of ceramic and metallic
powders. Next, the mechanisms operating during the
mechanical synthesis of alloys [12, 16] causes gradual
refining of both the intermetallic and ceramic particles,
with the latter predominantly located inside rounded
agglomerates. Again, at that stage, deposition of both
the intermetallic and composite milled powders will
depend on the brittleness of these agglomerates of the
metallic matrix, which in both cases showed a similar
nanocrystalline character.

The higher deposition rates measured in the first few
hours of milling can be explained by the fact that at this
stage of the process the metallic matrix is relatively
coarse crystalline and has the ability to disperse most
of the impact energy from the balls impact both by
generating dislocations and plastic deformation. There-
fore, whole new particles are steadily added to those
already attached to the substrate resulting in fast growth
of the coating. Nevertheless, continued milling causes
the accumulation of defects in the milled particles,
causing fast grain refinement accompanied by harden-
ing. At that stage, sticking of the powder poli-
crystalline particles to the substrate will compete with
crushing of the already attached material and its partial
removal, effectively lowering the deposition rate.

Evidently, the steel balls heating the metallic and
ceramic powder particles during the milling process
could serve as a new composite coating deposition
method. From the start, it is limited to small substrates
like the presently applied nickel platelets or the inner
walls of small cylinders resembling milling containers.
Simultaneously, it is a process run at relatively low
temperatures. It allows gradient nano-crystalline type
coatings to be obtained, which is not so easy to obtain
by means of other techniques like plasma coating. The
additional knowledge including ball optimum energy
(applied rev./min), milling time, metallic to ceramic
fraction ratio and its effect on the coating deposition
rate are definitely necessary before an assessment of
this method could be made.

CONCLUSIONS

The performed OM, XRD and TEM examinations
helped to establish, that:

1. both coatings presented a gradient microstructure
with the presence of highly defected but relatively
coarse crystallites near the substrate/coating
interface, followed by porous but rounded well-
bonded/fused nano-crystalline agglomerates in the
coating,

2. all the features characterizing the intermetallic coat-
ing were slightly coarser than those of the compos-
ite one obtain after the same milling time, i.e. dislo-
cation walls were observed in the NiAl grains near
the substrate, while the nano-crystalline material
was surrounded by crushed CrB, crystallites in the
composite,
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3. the substrate/coating interfaces showed mostly good
cohesion degraded only locally by voids or porosity
extending into the coatings, while their significant
roughness was similar to that of the surface.
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