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The solid solution addition of boron greatly enhances the strength and hardness of chemically
vapour deposited (CVD) nickel while dramatically changing the microstructure. The solid
solubility of boron in nickel is limited, and single-phase alloys containing in excess of 0.3at%
B are supersaturated with respect to the formation of one or more intermetallic boride phases.
Single-phase Ni-B alloys containing 0 to 13.0at% B were produced by CVD on polycrystal-
line copper substrates at 155° C in an atmospheric pressure process. The microstructure, mech-

anical and physical properties were characterized for the alloys both as-deposited and after
various thermal treatments by using optical microscopy, transmission electron microscopy,
X-ray diffraction and micro-indentation hardness testing with a diamond pyramid indentor.
The grain size of the alloy was found to decrease sharply with rising boron content. Con-
comitantly, the defect density of the material rose significantly, the microhardness increased
and the ductility decreased. With annealing at a temperature of 300° C or greater, precipi-
tation of the Ni; B intermetallic phase, recovery and grain growth occurred.

1. Introduction

The mechanical behaviour of chemically vapour
deposited (CVD) nickel is significantly altered by the
addition of boron. Addition of as little as 0.27at % B
has been shown to increase the alloy yield stress,
ultimate tensile stress and hardness each by about
50% [1]. The enhancement of the mechanical proper-
ties of Ni-B alloys increases with boron content. The
high hardness of these alloys suggests their application
as wear-resistant coatings. Mullendore and Pope [2]
have demonstrated that the wear resistance of Ni-B
alloys increases with boron content and is excellent for
alloys containing 13.0 and 37.0at % B in pin-on-disc
experiments where the pin was glass-filled epoxy.

The equilibrium solid solubility of boron in nickel is
quite low, with a maximum of the order of 0.15 [3] to
0.3at % [4] at the Ni-Ni;B eutectic temperature of
1093° C. The CVD Ni-B alloys are single-phase and
therefore those containing more than about 0.1 at % B
are metastable with respect to the formation of one
or more intermetallic boride phases at ambient or
somewhat higher temperatures.

Skibo and Greulich [1] studied the microstructure
and mechanical properties of metastable Ni-B alloys
containing 0.23-1.08 at % B (0.05-0.2 wt %) made by
the codeposition of nickel and boron from nickel
tetracarbonyl, Ni(CO), and diborane, B,H, in a CVD
reactor. The increase in strength and hardness of the
as-deposited alloys with rising boron content noted in
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their work was accompanied by a decrease in ductility.
An anneal of 4h at a temperature between 400 and
800° C was found to decrease the hardness and strengih
of the alloys somewhat relative to the as-deposited
condition while leading to improved toughness. Pre-
cipitation of an intermetallic boride phase identified as
Ni, B was reported to occur during annealing.

In the present work the behaviour of Ni-B alloys
spanning a broader range of boron contents, from
0 to 13at%, was investigated. The microstructures
and phases present in both the as-déposited and
annealed material were characterized by using trans-
mission electron microscopy (TEM), including imag-
ing and selected area diffraction, and X-ray diffraction
(XRD). The mechanical behaviour was described in
terms of the room temperature microhardness. In a
paraliel study, the thermal behaviour of the alloys was
investigated with differential scanning calorimetry

(DSCO) [5].

2. Experiments

The Ni-B deposits were prepared by codeposition of
nickel and boron in a CVD reactor from Ni(CO), and
B, H;. The reaction chamber is shown schematically in
Fig. 1. The Ni(CO), was metered as a liquid and
vapourized in a heated line with added CO. The B,H;
was diluted with argon and mixed with the Ni(CO),
and CO. The gas mixture was introduced into the
reaction chamber where deposition occurred on a
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polycrystalline copper substrate resistively heated
to 155°C. Pure nickel deposits were prepared in
the same way without the addition of B,Hy. Layered
deposits, in which the boron content was increased
incrementally during deposition by adjusting the flows
of Ni(CO), and B,H, were produced for use as boron
concentration calibration standards. The deposit pro-
duced consisted of layers containing 0, 1.0, 2.5, 3.5
and Sat % B, each approximately 0.15mm in thick-
ness. The furnace exhaust was passed through two
getter furnaces to remove the unreacted Ni(CO), prior
to venting to the atmosphere. The pressure in the
reaction chamber was ambient (about 650 torr). Pure
nickel and Ni-B alloys were deposited at a rate of
approximately 0.15mmh ~'. The deposit thicknesses
ranged from 0.03 to 0.5mm. The deposits did not
adhere strongly to the copper substrates and were thus
easily removed.

TEM specimens were prepared from the as-deposited
and annealed (in purified argon) nickel and Ni-B
alloys. Prior to jet-electropolishing the pure nickel
specimens were thinned to about 0.1mm by hand
grinding with 600 grit emery paper. The Ni-B deposits,
initially only about 0.1 mm thick, did not require pre-
treatment. Discs punched from the pure Ni and Ni-B
deposits were thinned by using a 10-20 vol % HCIO,/
balance methanol solution at less than —50 to
—25°C in a Fischione dual-jet electropolishing cell
operated at a potential of 22.5-25V d.c.

The microhardness was measured on the cross-
section of a Ni-B layered deposit. The layered material
was mounted in epoxy resin, polished and etched.
Microhardness indentations were made across the
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entire specimen by using a diamond pyramid indentor
and a load of 100g. Vickers hardness as a function
of boron content is reported for the as-deposited and
annealed specimens.

Several other analytical techniques were used
to characterize the nickel and Ni-B deposits. The
specimens were examined by using standard X-ray
diffractometer techniques with CuKe radiation and, in
addition, texture analysis of the pure nickel material
was performed. DSC was performed with a Perkin-
Elmer DSC-2. Compositional analysis of the Ni-B
films was accomplished by using sputter-profiling in
an Auger system and inductively coupled plasma
(ICP) spectroscopy.

3. Results and discussion

3.1. Pure nickel films

The pure nickel films were found to have the largest
grain size and simplest microstructure of the deposits
observed. Fig. 2 is a typical bright field transmission
electron micrograph of the nickel in the plane of the
film. The thinned area observed lies approximately in
the middle of the 0.5mm thickness of the specimen.
The grain size distribution is bimodal. The microstruc-
ture consists of approximately equal area fractions
of large, relatively defect-free grains 1.0-3.0 um in
diameter and significantly finer grains, approximately
0.1 um in size and containing a significantly higher
defect density. Similar observations were made by
Grovenor et al. [6] for nickel films 9-14 um in thick-
ness formed by electron-beam evaporation. Selected
area electron diffraction indicated that the large grains
are typically in the {0 1 1) orientation. This result was



Figure 2 Microstructure of CVD pure nickel.

confirmed by an X-ray texture analysis which indi-
cated that the deposits have a slight <011} texture
and that the area density of the {011)> material is
about 2.5 times that which would be expected if the
structure were completely random.

A rather unusual feature of the microstructure is the
meeting of five of the large (01 1) grains at 72° angles
to form a pentagon, as shown in Fig. 3a. It was
estimated from 20 randomly taken micrographs at
20000 x that the area fraction of the pentagons is
0.08-0.10. The zone axis diffraction pattern (ZADP)
of the entire pentagon displays near five-fold symmetry
(Fig. 3b). The crystallography of the arrangement
suggests that the fine grains are twin-related. In the
fce crystal structure the twin planes are {1 11}, and
two sets of such planes exist parallel to the (011)
direction with 70.5° between them. However, a careful
analysis of the ZADP produced by the pentagons [7]
shows that these features are not produced by twin-
ning. The ZADP calculated for fine (0 11) fcc twin-
related grains, Fig. 4a, is very different from that of
the pentagon and displays only two-fold symmetry.
By contrast, Fig. 3b is reproduced almost exactly by
the ZADP calculated for fine fcc (011> grains
rotated by multiples of 72° with respect to each other
about a common <01 1) axis, Fig. 4b [7, §].

A mechanism for the formation of this microstruc-
tural feature is suggested by Yang [9]. It has been
shown that in the early stages of vapour deposition of
gold (also fcc) small clusters of atoms 5-20nm in
diameter form prior to the coalescence of the film [10].
Some of these clusters, having pentagonal profiles,
are regular decahedra consisting of five identical
tetrahedra. The crystal structure of the tetrahedral
units is metastable body-centred orthorhombic (b¢ o),
produced by a small distortion of the fcc structure.
Such a distortion required only small displacements

Figure 3 (a) Five (011} grains meet to form a pentagon. (b) Zone
axis diffraction pattern of the pentagon.

of the individual atoms, but the result is that the
{101}, planes, which correspond to the {111},
are separated by exactly 72°, rather than by 70.5° as
are {11 1}... The geometry of the decahedron and the
relationship between the fcc and bco structures are
shown in Figs 5a and b. This suggests that the nickel
grains which assume the pentagonal form arose from
decahedral nuclei. As these clusters grew beyond a
critical size, a few tens of nanometers [11], the bco
(which was stabilized by a reduction in surface free
energy at the smaller particle sizes) reverts to the
stable fcc. The individual grains retain their original
orientation relationship, and the mismatch at the
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Figure 4 (a) Zone axis diffraction pattern calculated for 5 <0 11} twin-related grains. (b) Zone axis diffraction pattern calculated for 5 <01 [

grains rotated by multiples of 72° about a common <01 1) zone axis.

grain boundaries is taken up by secondary twins and
dislocations which are visible in Fig. 3a.

An attempt was made to duplicate Yang’s experi-
ment [9] using nickel in place of gold. Specimens were
prepared to study the early stages of deposition of
nickel by depositing a very thin nickel layer on carbon
substrates on copper grids. Partial coverage of the
carbon film by nickel clusters about 300 nm in dia-
meter was achieved. Selected area diffraction from the
deposit gave a polycrystalline nickel pattern with no
indication of the presence of the bco structure
although some of the particles did appear to have
pentagonal profiles. It is likely that the volume frac-
tion of particles, either in this experiment or in Yang’s
gold particle work, that are decagonal is small and, in
this case, may have been present in numbers too small
to be revealed by electron diffraction. It is also poss-
ible that initially decagonal particles had already
exceeded the critical size. High resolution work to
examine the microstructure of the particles was not
attempted.

3.2. Ni-B alloys
The addition of as little as 0.16 at % B to nickel leads to
a considerably reduced grain size. The microstructure

of Ni-0.16at % B is shown in Fig. 6a. It is similar to
that of pure nickel, Fig. 2, and contains some of
the pentagonal features. However, the scale of the
microstructure is reduced by a factor of about 2 (the
largest grains are about 0.5-1.5um in diameter and
the small grains are approximately 0.05um in size)
and the defect density is appreciably higher as can be
seen by comparing Figs 2 and 6a. The microstructure
becomes even finer as the boron content is further
increased, Figs 6b—d. The as-deposited grain sizes for
nickel containing 0.16, 2.6, 5.3 and 13.0at% B are
given in Table I; the approximate diameters of both
the large and small grains are given. A bimodal grain
size distribution in nickel alloy specimens and the
decrease in nickel grain size with alloy additions also
have been observed in the Ni-Al system [6, 12].

The nickel and boron contents of the Ni-B alloys,
with the exception of Ni-0.16 at % B, were determined
by ICP analysis with an associated error of +2%
(relative). Sputter profiling was used to analyse the
Ni-0.16 at % B specimen. The uncertainty in the latter
measurement is high, + 50%, because the alloys used
as calibration standards for the Auger signals contain
at least an order of magnitude more boron than the
specimen. The presence of approximately 1 at % each

Figure 5 (a) A regular decahedron
consisting of five irregular
tetrahedra, such as ABCD.
. AC = AD = BC = BD,AB =
! 1.051SAC. (b) Relationship
between the fcc and bco struc-
tures. The bco unit cell is shown

with a unit tetrahedron A’'B’C’'D’
indicated. The lattice is fcc if

oy

(b)

(a) z
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a=bandec = /2. AB'CD’ is
then a regular tetrahedron. With
a small distortion of the fcc, the
lattice becomes bco. The perti-

A

nent relationships for bco are

Y b = 1.0515¢ and ¢ = 1.3764a.
F-4

A’B’C'DY is irregular and similar
to ABCD in (a). (After Yang, [9}.)



Figure 6 Bright field transmission electron micrographs of as-deposited (a) Ni-0.16at% B, (b) Ni-2.6at% B, (c) Ni-5.3at% B, and
(d) Ni-13.0at % B alloys. All micrographs in the plane of the film.

of carbon and oxygen was observed by both combus-  present in the Ni-0.16at % B specimen, Fig. 6a, but
tion analysis and sputter profiling. they are not obvious in the alloys with higher boron

Bright field transmission electron micrographs  contents. The large <011} grains are found in the
of the Ni-B alloys are shown in Figs 6a~d. The Ni-0.16 and —2.6at% B specimens but are not
pentagonal features found in pure nickel are still  observed in the alloys containing more boron. By

TABLE 1

Boron Content Grain size, as-deposited Grain size annealed 600°C Lattice parameter a,

{ t % 2

of alloy (at %) Large (um) Small (um) for 25h (um) (nm)

0 1.0-3.0 0.1 - 0.35212 + 1.2 x 107*
0.16 0.5-1.5 0.05 - 0.35230 + 3.8 x 1077
2.6 0.1-0.5 - 0.23 0.35140 + 1.3 x 107*
5.3 0.04-0.2 - 0.13 0.35123 £ 1.6 x 107*
13.0 0.01-0.03 - 0.20 -
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addition of 13 at % boron to nickel the microstructure
shown in Fig. 6d is obtained. The structure is single
phase, and the dark regions are grains favourably
oriented for diffraction. The grains are extremely fine,
0.01-0.03 um in diameter. Selected area electron dif-
fraction patterns included with Figs 6b-d indicate that
the as-deposited alloys are single phase solid solutions
based on the nickel fce structure. The lines in the
diffraction patterns become continuous and are
broadened as the boron content rises, consistent with
the observed decrease in grain size.

Fine voids are observed occasionally in the Ni-B
deposits. The number density of voids, quite low
in pure nickel and Ni-0.16at% B, increases with
the boron content as shown by Figs 6a-d. The void
density is quite high in the Ni-13at% B deposit,
Fig. 6d. Large voids form the walls of a cellular super-
structure in this alloy. The cells are approximately
1 um in diameter and each encompasses many grains.

Void formation attributed to shadowing is com-
monly observed in materials formed by physical
vapour deposition [13]. The elevated temperature
of most CVD processes results in a sufficiently high
surface mobility of the depositing species to preclude
the entrapment of voids by the shadowing mechanism.
However, the modest temperature (approximately
0.25T,,, where T,, is the absolute melting temperature
of nickel) and high rate of deposition in the Ni-B
CVD process may permit the pinching off of voids by
shadowing. The observation of columnar features
which are of about the same width as the cells, 1 um,
by optical metallography of cross sections of the

deposits supports the shadowing hypothesis. The
somewhat irregular shape of the large voids found at
cell boundaries is also suggestive of their formation by
shadowing.

By contrast, the precipitation of excess vacancies
generated during deposition is probably the mech-
anism of formation of the smaller voids found at the
cell centres. It is possible that the larger voids found at
the cell boundaries also form by nucleation and
growth of vacancy clusters. However, it is not obvious
why the large voids would nucleate and grow to form
a columnar structure in an initially homogeneous
matrix. It seems more likely that the voids at cell
boundaries are formed by shadowing during depo-
sition. Nucleation of new voids adjacent to the cell
boundary would be suppressed as it is energetically
more favourable for excess vacancies in that region
to migrate to the large voids already in existence.
The regions adjacent to the cell boundaries appear
denuded of voids, which suggests that the excess
vacancies in this region diffused to the large boundary
voids.

Itis not clear how the increased boron content leads
to a greater number of voids in the deposits. The
presence of boron may induce a larger concentration
of excess vacancies or may decrease the surface mobility
of the depositing species.

The solid solution of boron contracts the fcc nickel
lattice. The measured lattice parameter, a,, decreased
from 0.35212 + 1.2 x 10™*nm for pure nickel to
0.35123 + 1.6 x 107*nm for the Ni-5.3at % speci-
men. The measured a, for pure nickel is in fairly good

(111) 1
(220)
(200) (311) (400)
e
2
L h T T T T T T T T T
2 3 | Ni -
g (111)
[
=
3 i
=
S A AL >t N
4 @
3
E |
S ]
)
.9 | ._
& Ni
1 1 1 1 L 1 1 (200)
5
(a)
30 Js& 4J7644J90 116 ;30 30 50 70 90 110 130
20 (deg) 26 (deg)

Figure 7 X-ray diffraction data for (a) pure nickel and as-deposited Ni-B alloys: (1) pure Ni, (2) Ni-0.16 % B, (3) Ni-2.6% B, (4) Ni-5.3%
B, (5) Ni-13% B, and (b) Ni~13.0at % B following a 2.5 h anneal at 600° C. The second phase in (b) is Ni; B. The nickel peaks are indicated

in (a) and (b) while the Ni; B peaks are unlabelled.
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Figure 8 Lattice parameter of Ni-B alloy as a function of boron
content. ( § data, O literature value for pure nickel.)

agreement with the literature value, 0.35238 nm [14].
Following an anneal in which the Ni;B precipitates
from the alloy, a, returns approximately to the value
for pure nickel. For example, a lattice parameter of
0.35219 + 1.2 x 107* nm was found for Ni-2.6at %
B after annealing for 2.5h at 600°C. The lattice
parameters are computed from the diffractometer
data shown in Fig. 7a for the as-deposited pure
nickel and Ni-B specimens and in Fig. 7b for annealed
Ni-13.0at % B. The lattice parameter data for the
as-deposited specimens are listed in Table I and shown
in Fig. 8. Lattice parameter data for as-deposited

0,/25 an - -

(& T L\

Ni-13.0at % B are not included because the error in
that determination is about 9 times that of the other
measurements due to peak broadening,.

Skibo and Greulich reported no change in lat-
tice parameter of as-deposited Ni-B alloys contain-
ing 0.27-1.08 at % B relative to pure nickel. It was
suggested that the boron was incorporated in very fine
boride particles at the grain boundaries rather than
being in solid solution and hence did not affect the
lattice parameter [1]. As shown by Fig. 8, a decrease in
a, 1s expected over this composition range but the
changes may not be resolvable within the resolution of
the technique. In addition, the alloys used in the
previous study were prepared commercially. Rather
than truly being in the as-deposited condition they
may have experienced a thermal cycle which led to
precipitation of the boride phase on a fine scale.

An anneal for 1h at 350°C produced a decreased
defect density but no significant grain growth in the
Ni-0.16 and 2.6at% B alloys, as shown for the
2.6at% B alloy in Fig. 9a. Formation of the Ni;B
intermetallic phase was not detected for these alloys
by X-ray or electron diffraction, but was found for
the Ni-5.3 and — 13at % B alloys. These results are
supported by the precipitation behaviour of these
alloys observed by DSC. The temperature of the exo-
therm corresponding to the precipitation of Ni,B was
measured at heating rates of 5, 10, 20 and 40 K min™'
{5]. By extrapolating these data back to a zero heating
rate, it appears that isothermal anneals at temperatures
as low as 375, 330, and 275°C, respectively for the
Ni-2.6, -5.3, and —13.0 at % B specimens, will lead to
precipitation of Ni;B within a few hours. The DSC
is not sensitive enough to detect precipitation in the
Ni-0.16at % B material, but this data suggests that the
transformation temperature would exceed 400°C.

Figure 9 Microstructure of Ni-2.6at % B after (a) a 1 h anneal at 600°C and (b) following a 600°C, 2.5h anneal.
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Figure 10 Selected area electron diffraction pattern of (a) [T01] and (b) [1 2 1] zones of Ni;B.

An anneal for 2.5h at 600° C led to precipitation of
Ni; B, recrystallization and grain growth. The equiaxed
microstructure of the Ni-2.6at % B specimen resulting
from the 600° C anneal is shown in Fig. 9b and selected
area electron diffraction patterns of the [T0 1] and [12 1]
zones of Ni; B appear in Fig. 10. The lack of disiocation
and twinning contrast in the Ni; B grains allows them to
be distinguished easily from those of the nickel. The
appearance of the microstructure of all of the alloys was
about the same after an anneal at 600° C. The primary
difference among them was the amount of the Ni;B
phase present, which increased in proportion to the
boron content. The post-anneal grain size ranged from
about 0.25um for the 2.6at% B alloy to 0.13 um
for Ni-13at % B material. These results are given in
Table 1. The X-ray diffractometer scan showing peaks
corresponding to both pure nickel and Ni;B for the
Ni-13.0 % B alloy is shown in Fig. 7b.

The Ni, B intermetallic phase, which is the equilib-
rium second phase, was identified by both X-ray and
electron diffraction. By contrast, Skibo and Greulich
[1] reported the formation of the Ni,B intermetallic
phase. In their experiments, the volume fraction of
the second phase (< 5%) was insufficient for identifi-
cation by XRD, and the identification by electron
diffraction is more difficult. Further, since no change
in the lattice parameter on alloying was observed, it
was suggested that boride particles might form in the
vapour phase. In that case the boride particles would
not necessarily be the Ni,B phase which is in equi-
librium with nickel in the solid phase.

Boron dramatically affects the microhardness of the
Ni-B alloys. An optical micrograph showing a cross-
section of the layered specimen used to study the effect
of boron on the hardness is shown in Fig. 11a with the
thickness and composition of the layers indicated. The
microhardness, as measured on the Vickers scale with
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a 100g load, rises steeply from VHN 200 for the
as-deposited pure nickel to approximately VHN 1090
for Ni-5% B. The microhardness data are presented
fully in Fig. 11b. The effect of boron on the hardness
of the as-deposited Ni-B alloys can be explained in
terms of the decreased grain size. The microhardness
of these alloys increases in proportion to d %>, where
d is the as-deposited grain diameter from Table I, as
shown in Fig. 12. This result is analogous to the
Hall-Petch relationship for the dependence of yield
strength on grain size [15].

The layered specimens were also annealed for 1 h at
temperatures of 350, 600 or 800° C. The considerable
drop in microhardness associated with annealing,
Fig. 11b, is consistent with the observed recovery,
precipitation of Ni;B and recrystallization with
increasing temperature. The microhardness of Ni-
13.0at % B was measured both as-deposited and after
annealing at 350° C in another study [2]. The hardness,
measured with a 200 g load, was found to increase
from VHN 927 for as-deposited Ni-13.0at% B to
VHN 1240 with a 1h anneal at 350°C. This effect is
attributed to precipitation hardening. Skibo and
Greulich [1] explored the microhardness of Ni-B
alloys containing 0.27-1.08 at % B in the as-deposited
condition and after annealing for 4h at 400, 500, 600
and 800° C. Their results are in qualitative agreement
with those of this investigation. They report measure-
ments of Knoop microhardness made with a 500¢g
load which cannot be directly compared with the
Vickers hardness measured with a 100 g load reported
in this study.

The tensile strength of CVD Ni-B alloys has been
shown to increase with rising boron content for
0.27-1.08 at % B. The elongation of alloys containing
0.27, 0.54 and 0.81at% B has been determined
to be about 9% while that of CVD nickel has been
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measured to be 12.7% [1]. Annealing was found to
lower the hardness from which it was inferred that
the toughness of the material improves with such
treatment. The appropriate tensile tests have not been
made for the Ni-B material used in this study. How-
ever, the observation from handling these materials to
make TEM specimens is that the annealed materials
are far more ductile than those in the as-deposited
condition.

4. Conclusion

The metalloid, boron, has a profound effect on the
microstructure and hardness of CVD Ni-B alloys.
Pure nickel deposits are characterized by a bimodal
grain size distribution. The large grains are in or near
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Figure 12 Vickers microhardness plotted d~%° for as-deposited
Ni-B alloys. ( range of observed grain diameters, ® midpoint
of range)

the <011) orientation and are sometimes found
in a pentagonal arrangement. As boron is added the
grain size is refined, and ultimately the bimodal size
distribution is lost. The defect density and the micro-
hardness rise steeply with boron addition with some
attendant loss in ductility. Upon annealing at 350°C
or higher, recovery, grain growth and precipitation of
the Ni; B intermetallic phase occur, and in general this
leads to a reduction in the hardness. The void content
of the deposits was found to increase with boron
content. In the Ni-13at % B alloy large voids form
the walls of a cellular structure and smaller voids are
found within the cells.
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