Concurrent Growth of Kirkendall Pores and Vapor—Solid—Solid
Protuberances on Ni Wires During Mo Vapor-Phase Deposition
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During vapor-phase deposition at 1273 K (1000 °C), by pack cementation, of Mo onto 127-um-
diameter Ni wires, two phenomena are observed to occur concurrently, leading to strong surface
roughening: (i) the inward radial growth of Kirkendall pores below the wire surface and (ii) the
outward growth from the wire surface of protuberances with sizes as large as 15 ym. High-
aspect-ratio Kirkendall pores as long as 21 um are created because of imbalanced interdiffusion
between Mo and Ni. These pores in turn, by reducing the flow of Mo into the wires, may
enhance the outward growth of Mo-rich protuberances, further roughening the wire surface.
These protuberances have faceted tips as well as terraces and steps, indicating that their growth

is governed by the vapor—solid—solid mechanism.
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I. INTRODUCTION

Ni-mo0 alloys, owing to their remarkable resistance
to corrosion and wear, have been studied extensively, as
reviewed by Brooks es al'! Mo acts in Ni as a solid
solution strengthener™ or promotes the formation of
intermetallic precipitates, contingent on specific alloy
compositional requirement and thermal-mechanical
processing history. When Mo is coated onto Ni, the
interdiffusion behavior between the two elements deter-
mines the formation of terminal phases, such as
a-Ni(Mo) solid solution, NiMo and Niy;Mo, and vacan-
cies, leading to Kirkendall ?ores when the interdiffusion
fluxes are imbalanced.” '®) While current literature is
concentrated primarily on solid-state reactions via
diffusion in Mo-Ni couples, we are not aware of any
studies focusing on vapor-phase deposition of Mo onto
Ni with concurrent interdiffusion, which is the topic of
the present study.

Pack cementation is a widely used vapor-phase
deposition process which is used to deposit primarily
Al on Ni-base substrates, but also elements such as Cr,
Si, and Ti onto substrates such as ferritic stainless steels,
low-alloy steels, and intermetallic compounds.!''" ¥ To
our knowledge, there is only one report on Mo
cementation, which was performed with Ti as a sub-
strate at 1073 K to 1323 K (800 °C to 1050 °C),
resulting in the formation of a Mo-rich diffusion
layer.""V In this process, NH4Cl reacts with Mo powders
in a pack to form MoCl,, which is gaseous at the
processing temperature and is transported to the Ti
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substrate where it decomposes into Mo and Cl,. The
chlorine molecule diffuses back to the pack where it
further reacts with Mo, closing the transport loop. The
Mo atoms on the substrate diffuse into its volume to
form a solid solution and/or intermetallic phases. It is
the purpose of this study to expand this Mo cementation
process to Ni substrates.

Another deposition process relying on the gas phase is
the vapor-liquid—solid (VLS) process, which is a widely
used route for the formation of nanowires and whis-
kers.["® 18] Essential to the VLS method is an operating
temperature enabling the creation of a eutectic or near-
eutectic liquid droplet located at the nanowire tip which
serves as the preferential site for absorbing the solute-
containing vapor phase and as the reservoir for contin-
uously rejecting the supersaturated solute atoms.
Researchers have recently demonstrated that nanowires
and/or whiskers may grow below the eutectic temper-
ature without the presence of liquid phases in a vapor—
solid—solid (VSS) mechanism which is explained by the
size-dependent eutectic temperature depression hypoth-
esist!”?” or by the formation of catalyzing intermetallic
phases.*' %! However, prevailing studies on both VLS
and VSS are mostly addressing nanowire and/or whis-
kers growth at the sub-micron and nanometric scale. We
are not aware of reports on VLS or VSS features with
supra-micron scales, as described in the present study.

A mechanism relevant to Mo-Ni interdiffusion is the
Kirkendall effect, which stems from an imbalance of
vacancy flow during interdiffusion. As far as the Mo-Ni
systems concerned, Kirkendall pores are always formed
on the Ni-rich side of the diffusion couple, as Mo is the
slower diffuser.l”?

Here, we report on the unusual interplay between the
Kirkendall effect and the VSS mechanism during the
vapor-phase deposition of Mo onto Ni wires. We first
describe the progressive growth of elongated, radially
oriented Kirkendall pores in Ni wires as a result of the
interdiffusion between Mo and Ni. We then report on
the nucleation and growth of surface protuberances on
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the Ni wires, which could be enhanced by the presence
of subsurface Kirkendall pores impeding the diffusion
into the volume of Mo atoms. By examining the features
relevant to the growth mechanism (e.g., the formation of
intermetallic phases, the high eutectic temperature, the
occurrence of growth terraces, steps, and tip facets), we
propose that these surface protuberances are created by
the VSS mechanism. The unusual combination of the
Kirkendall effect creating deep grooves into the surface
of the Ni wires and the VSS mechanism creating
outgrowth on the wire surface results in extreme surface
roughening of the Ni wires when pack-cemented with a
Mo-rich layer. This is pertinent to create Mo-rich
surface layers on nickel and Ni-base superalloys suitable
for harsh environment applications.

II. EXPERIMENTAL PROCEDURES
A. Molybdenum Pack Cementation

Raw materials employed in this study include com-
mercial Ni wires (with a diameter of 127 um, 99.95 pct
pure Ni, strand-annealed at 823 K (550 °C) for 1.2 sec-
ond and rapidly cooled in hydrogen) from MWS Wire
Industries and powders from Alfa Aesar (with particle
size in parentheses): Al,O; (20 to 50 um), NH4Cl
(100 um), and Mo (2 to 7 um).

Powders were mixed for 1 hour in a tumbler at the
ratio of 3 wt pct NH4Cl, 40 wt pct Mo, and 57 wt pct
Al,O5. Twenty Ni wires, approximately 30 mm in length,
were pack-cemented within a 30 g pack in a tube furnace
under continuous argon flow at 1273 K (1000 °C).
Detailed procedures can be found elsewhere.*® Cemen-
tation was interrupted, and Ni wires were transferred
from the spent pack and to a replenished pack after 2, 4,
and 8 hours, with the last pack staying in the furnace for
an additional 16 hours (total 24 hours).

B. Microstructure Characterization

After removing from the pack, Ni wires were ultrason-
ically cleaned in acetone for 1 hour. Cross-sectional
specimens were mounted in epoxy, then ground, and
polished down to 0.05 um colloidal alumina by standard
metallographic procedures. The microstructure was inves-
tigated by a Hitachi SU8030 scanning electron microscope
(SEM) at an acceleration voltage of 15 kV. Composi-
tional analysis was completed by the energy dispersive
X-ray spectrometer (EDS) coupled to the SEM. EDS
signal was calibrated by standard samples of pure Ni.

III. RESULTS AND DISCUSSION

Cross-sectional views of polished wires after 2, 4, 8,
and 24 hours Mo pack cementation are shown in
Figures 1(a) through (d). With increasing deposition
time, two salient features develop: (i) progressively
directional growth of Kirkendall pores, and (ii) increas-
ing density of peripheral protuberance. These are
discussed in turns in the next two sections.
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A. Kirkendall Effect

Figure 1(a) illustrates that, after 2 hours vapor-phase
deposition, Kirkendall pores are formed in limited
quantity just under the surface of the wire, and that
their sizes are in the range of 2 to 7 um. With prolonged
Mo deposition, Kirkendall pores appear to grow in a
directional manner. Pores are clongated in the radial
direction and are separated from each other by spoke-
like structures (as seen in cross-sections), and their
length nearly doubles from an average of 13 to 21 um
after 8- and 24-hours heat treatments, respectively. On
cross sections (Figures 1(a) through (d)), some of the
pores appear unconnected to the wire surface, while
others are open to the surface. An elemental line scan
shown in Figure 1(b) shows clearly that the Mo content
decreases from a high value (4 at. pct) at the wire
surface to essentially zero at the inner tips of the radial
pores, confirming that the interdiffusion layer, with an
average Mo content of about 2 at. pct, is as wide as the
pore length. If the Mo-deposited wires were fully
homogenized by interdiffusion, the final Mo in the Ni
wire matrix is calculated to be ~0.7 at. pct.

The Kirkendall effect, which is observed in many
metallic systems, is due to imbalanced interdiffusion, in
the present case between Ni and Mo. The fact that pores
are generated within the original wire volume indicates
that Ni diffuses radially outwards more rapidly than
Mo, in the deposited surface coating, does inwards, thus
creating an outward net flux of Ni atoms, leaving
vacancies in the Ni matrix. The interdiffusion coefficient
D—estimated from D = x°/t where x = 21 um (the
width of diffusion zone) and ¢ = 24 hours—is
5.1 x 1075 m?/s, which is about 5 times the highest
value reported in Ni-Mo interdiffusion couples at a
somewhat higher temperatures 1323 K vs 1273 K
(1050 °C vs 1000 °C).”! The elongated pores leaving
only thin metallic “spokes” connecting the Mo-rich
coating to the bulk of the Ni wire may significantly
reduce the capacity to transport Mo and Ni; so these
diffusivity values are probably depressed compared to
the true interdiffusion coefficient. Alternatively, the
interdiffusion could be accelerated by the exothermic
formation of NiMo phases./*”!

The Kirkendall effect has been reported in the
Ni-Mo.,P® Ni-Mo-Cu,”” and Ni-Mo-Co!” systems.
However, the directional growth of Kirkendall pores
visible in Figures 1(a) through (d) is not reported in
these articles, and is rarely known to occur in other
metallic systems. Kirkendall pores with high aspect
ratios and large sizes have been documented in Cu-NiAl
and Ag-Au systems where they developed from an initial
lens-like morphology to elongated or even necked shape
along grain boundaries” % and were explained by the
“grain boundary Kirkendall effect” as a result of atomic
(or vacancy) fluxes and pore formation at grain bound-
aries. It is unlikely that this effect can explain the
radially oriented, elongated pores in the current Ni-Mo
system since (i) the grain boundaries are not aligned
radially in the Ni wires, unlike the Kirkendall pores and
(1) the initial average grain size of the Ni wires (13 um,
as measured metallographically) is larger than the
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Fig. 1-—Series of SEM micrographs of (a) through (d) cross-sectional views of Ni wires subjected to 2, 4, 8, and 24 h of Mo pack cementation,
respectively, showing radially growing Kirkendall pores and surface protuberances (indicated by yellow arrows and sometimes appearing uncon-
nected to wire, due to 2D-nature of cross-section); (b) shows an elemental line scan with Ni (red) and Mo (blue) concentration profiles; (e) is an
enlarged view of the region shown by the red inset in (b) illustrating a surface protuberances with o-Ni(Mo) composition, and (f) is an enlarged
view of the region in the yellow square in (b) showing that NiMo and NigsMo intermetallic phases can also be formed (Color figure online).
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interspacing (<10 um) between neighboring elongated
pores. It is, however, possible that tensile hoop stress
generated during Kirkendall vacancy flux may assist the
development of clongated pores along the subset of
grain boundaries which are radially oriented,?**! but
this hypothesis will need to be tested by further
experiments where grain sizes, aspect ratios, and orien-
tations are systematically changed.

Careful observation and measurement reveal that
none of the wires experienced macroscopic distortion or
significant expansion in diameter (excluding the pro-
truding regions), although the Mo addition and the pore
creation are both expected to somewhat increase the
wire diameter.

B. Protuberance Growth

As illustrated in Figures 1(a) through (d), protuber-
ances nucleate and grow continuously on the wire
surface during the pack cementation process. This
phenomenon has not been documented so far among
systems processed by the pack cementation technique, to
our knowledge.

Two areas selected from Figure 1(b) are shown at
higher magnifications in Figures 1(¢) and (f), respec-
tively. In Figure 1(e), protuberances are shown to
branch and EDS analysis reveals these branches to be
a-Ni(Mo) solid solution with Mo contents ranging from
4 to 9 at. pct. Figure 1(f), showing the inner core of the
neighboring protuberance, illustrates that it consists of a
mixture of phases, identified by EDS as intermetallic
phases of NiMo (Ni45M055) and Ni4MO (NiglMolg).
The formation of the above phases is consistent with
both literature reports!->72°32 and phase diagram
predictions,*® from which the three distinct line com-
pounds—NiMo, NisMo, and NiyMo—are listed.

C. Surface Structures

In addition to the cross-sectional observations, Ni
wire surfaces were also examined to examine the
morphological evolution of Kirkendall pores and pro-
tuberances, as shown in Figures 2(a) through (d). Wire
surfaces roughen as the number density of protuber-
ances (denoted by P) increases with deposition time,
which is in accordance with cross-sectional examina-
tions. In addition, the sizes of the protuberance in
Figures 2(a) through (d) are consistent with those shown
in cross-sections in Figures 1(a) through (d). Moreover,
it appears that surface diffusion is too slow to achieve a
complete smoothing of the surface protuberances, and
volume diffusion to sinter surface pores.

Figures 2(a) through (d) show that the density of
surface Kirkendall pores (marked as K) decreases as
vapor-phase deposition continues, which could be due
to the progressive growth of a Mo-rich surface layer that
buries the elongated Kirkendall pores. As a conse-
quence, pore-free surface regions gradually become
dominant. Surface pores exhibit various sizes and
morphologies, in particular arrays (shown in Figure
2(e)) and interlocking network structures (in Figure
2(f)), which are markedly different from those shown by
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the volume Kirkendall pores, demonstrating much
larger sizes and directional growth. Surface morphology
features discussed above share similarities with those
encountered during interdiffusion of Ni and Mn as well
as Ni and Ga, leading to the creation of Ni-Mn-Ga
tubes.*¥

Typical morphologies of individual protuberances
are shown in Figure 3. Varying in size and shape,
protuberances exhibit terraced (Figure 3(a)), rugged
(Figures 3(b) and (c)), smooth (Figure 3(d)), and faceted
surfaces (Figures 3(e) and (f)). They can be composed of
single (Figures 3(d) through (f)) or multiple grains
(Figures 3(b) and (c)) and their sides can be tapered.
EDS analysis indicates these protuberances are
a-Ni(Mo) solid solution with approximately 9 at. pct
Mo, which is consistent with findings in Figure 1(¢). The
Mo content in the protuberances is thus higher than that
of the wire surfaces (4 at. pct). Nevertheless, we do not
exclude the possibility that high Mo-containing inter-
metallic phases, captured in Figure 1(f), are embedded
within the protuberances.

The simultaneous presence of Mo-alloyed tips, high
vapor fluxes, and activated metallic elements, suggests
that protuberances, analogous to nanowires grown in
various systems, may be formed by the VLS or VSS
mechanism.['%21:237253538] Qince the eutectic tempera-
ture of Ni-Mo binary system is 1323 °C.,"*3) markedly
above the processing temperature of 1273 K (1000 °C),
and since there are no other substances in liquid form
available that could function as effective catalyst, the
VLS option can be eliminated, leaving VSS as the active
mechanism for the growth of protuberance. Additional
features, such as faceted tips and tapered sides, also
support the VSS growth mode, as emphasized by
previous studies.”*> 2>3371 Although mentioned by
other researchers, the possibility concerning the size
effect on the melting temperature depression is not
applicable to our case because all protuberances have tig)
sizes far exceeding the size threshold (<100 nm).['?:2*>]

Further compelling evidence for the operation of VSS
is the presence of surface terraces and steps in sizeable
quantities. As shown in Figures 3(a), (b), (d) and (f),
protuberance growth is generally accompanied by the
occurrence of terraces and steps. Moreover, as illus-
trated in Figure 4(a), terraces and steps tend to be
present on struts and protuberances in the vicinity of
surface Kirkendall pores. Detailed fine structures of the
terraces and steps are presented in Figure 4(b), which
demonstrates terraces (width ranging from 60 to
240 nm) separated by steps and circular steps progress-
ing to form a protuberance, whose size is much less than
those visible in Figure 3. The terraced structures are
analogous to the surface features observed on vapor-
deposited NiAI*” and Ni-base superalloy.[*”!

Protuberance growth governed by VSS mechanism
can be further substantiated by the step-flow growth
model,”™! which postulates that Mo adatoms diffuse
along the terrace and attach to a step from both ends of
the terrace. Eventually, the propagation of the steps
leads to protuberance growth, which may likely serve a
two-fold purpose. First, protuberance growth on the
interlocking structures (Figure 4(a)) could fill the pores
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Fig. 2—SEM micrographs showing (a) through (d) surface morphology of Ni wires subjected to 2, 4, 8, and 24 h of Mo pack cementation,
respectively. Labels show surface Kirkendall pores (K paired with thin green arrows) and protuberances (P paired with thick gold arrows); only
one representative example, among many, is shown for each feature in each figure. Number density of surface protuberances increases while that
of surface pores diminishes with increasing cementation time. (e), (f), Ni wire surface features of surface pore arrays and network structures after
2-h pack cementation (Color figure online).
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Fig. 3—Representative SEM images of (a) large-size protuberances demonstrating surface terraces and steps (white clusters are alumina powders
remaining from the pack); (b) through (c¢) large-size protuberances demonstrating irregular surface without terraces and steps. Grain boundary
triple junctions are denoted as TJ; (d) small-size protuberance showing a globular tip and a terraced tail; (e), (f) small-size protuberances show-
ing faceted tips and sides. Facets are denoted as F. The wires were subjected to Mo pack cementation for (a) 4 h and (b through f) 2 h.

in their vicinity, possibly explaining the decrease in
surface Kirkendall pore density shown in Figures 2(a)
through (d). Second, protuberance growth on preferen-
tial surface protuberances may simply drive them to
expand without any constraints. Furthermore, it is
reasonable to postulate that Mo adatoms would diffuse
into Ni, promoting the formation of Ni-Mo alloy in
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solid form. At first, the «-Ni(Mo) solid solution is
produced, as confirmed by the EDS analysis on wire
surfaces and protuberances. With continuing supply of
Mo and its accumulation on the surface, «-Ni(Mo) may
become supersaturated, promoting the formation of
intermetallic phase such as NiMo or NigMo, as shown
in Figure 1. The formation of intermetallic phases,
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Fig. 4—Representative SEM images of (a) terraces and steps present on struts surrounding surface pores, and (b) fine structures of terraces and

steps on protuberance. Wire was subjected to Mo deposition for 2 h.

according to prior investigations, could significantly
accelerate the VSS process.*' 23 Additionally, Kir-
kendall pores, which reduce the interdiffusion fluxes
of Mo and Ni, could enhance the outward growth of
Mo-rich protuberances.

Since the pack cementation technique is widely
employed, because of its simplicity, reliability and low
cost, in creating coatings on Ni-base superalloys, the
concurrent operation of Kirkendall effect and the VSS
mechanism in the present pack cementation deposition
of Mo onto Ni is of engineering significance: the pores
and protuberances create notches that weaken the wires,
but also increase their surface area and thus their heat
exchange capacity as well as catalytic area (bare or as
substrate).

IV. SUMMARY

The Kirkendall and VSS mechanisms are occurring
concurrently during Mo vapor-phase deposition onto Ni
wires and Ni-Mo interdiffusion, leading to extreme
roughening of the wire surface by creation of elongated
pores and protuberances. Strong imbalance in interdif-
fusional fluxes of Mo and Ni results in radial growth of
Kirkendall pores with high aspect ratios which reduce
the interdiffusion fluxes. The VSS mechanism is believed
to be responsible for the growth of protuberances at the
wire surface—rather than the more common vapor—
liquid-solid (VLS) mechanism—as the processing tem-
perature is considerably lower than the eutectic temper-
ature and as protuberances exhibit distinct solid-state
features, including terraces, steps, and faceted tip. The
VSS process may be catalyzed by the formation of Mo-
rich phases in the protuberances, such as «-Ni(Mo) solid
solution, and NiMo and NiyMo intermetallic phases.
The combination of Kirkendall effect and VSS during
vapor-phase deposition of Mo onto Ni roughens very
substantially the surface of the wires, which may be
desirable (e.g., to increase surface/volume ratio) or
undesirable (e.g., because notches weaken the wire) for
Mo-containing coatings on Ni-base superalloys,
depending on their applications (e.g., heat exchange or
structural).
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