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ABSTRACT
A high-volume fraction of the zeta phase in multiphase group VB transition metal tantalum
carbides has been shown to dramatically increase fracture toughness. This has been
attributed to its unique nanoscale lath-based microstructure. However, what governs the
microstructure and how it forms is still not well understood. In this paper, we propose a
precipitation model for the formation of these phases and demonstrate that the anisotropic
surface energies govern the observed zeta-phase morphology. The energetics and zeta-
phase microstructure for other group VB carbides were found to be similar. In contrast,
multiphase hafnium nitrides can form both thin-lath-based microstructure as well as large,
single zeta-phase grains. The difference between hafnium nitride and the group VB carbides
is attributed to the relative bulk free energies and low-temperature stability between the
phases.
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Introduction

Transition metal carbides (TMCs) and transition metal
nitrides (TMNs) are classes of structural ceramics that
are used in a wide range of applications where high
melting temperatures and/or high hardness are
required [1-4]. At ambient and moderately low temp-
eratures, these ceramics are hard and brittle [5]. But,
at approximately one-half the homologous tempera-
ture, some of the TMC and TMN phases can show sig-
nificant plasticity [6-8]. Though such materials can
exhibit a brittle-ductile transition, the generally low
fracture toughness at lower temperatures has limited
their uses as engineering materials.

Recognising that the mechanical properties of these
ceramics are phase dependent, one method to increase
the fracture toughness is to yield a multiphase micro-
structure that can provide microstructural toughening.
This can be achieved by reducing either the carbon or
nitrogen content from the transition metal (M) and
carbon/nitrogen (X) ratio. In the transition metal
group VB carbides and transition metal group IVB
nitrides, as the amount of X is reduced, the structure
changes from an MX compound, which is typically a
rocksalt structure, to MXy. When y is low enough,
metal-rich phases will precipitate out of the MXmatrix.
These phases are metal-rich, close-packed nanolamel-
lar structures denoted as either the zeta (ζ) [M4X3-x]

or eta (η) [M3X2-x] phase depending on the metal:
non-metal stoichiometry [9]. These phases generally
comprise a simple structural motif of hexagonal and
cubic close-packed sequences. For the transition
metal group IVB carbides and transitional metal
group VB nitrides, these zeta and eta phases are not
observed. Rather a series of vacancy ordered phases
are predicted but often are not observed experimentally
because of kinetic issues in processing these phases.
The reader is referred to a recent computational
study done by the authors that addresses the phase
stability of these particular phases [10,11] and predic-
tions from order parameter functional methods
[12,13] and a review [14]. The balance of this paper
will address compositions that yield the zeta phase
because of its unique effect on fracture toughness, but
the model’s treatment is equally applicable to the eta
phase because of the similar stacking sequences. As
will be shortly discussed, a high-volume fraction of
the zeta phase can yield significant increases in the frac-
ture toughness in the tantalum carbides.

When the zeta phase volume fraction is greater than
∼80% in tantalum carbides, the fracture toughness can
range between 11−15 MPa

���
m

√
[15-18]. This high frac-

ture toughness has been attributed to a combination of
the material’s microstructure [16,18] and the associ-
ated changes in bonding [19,20], both of which are a
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direct result of the chemical content. The zeta-phase
yields a series of nano-laminates in the matrix that
increase in the resistance to fracture as manifested in
a rising R-curve [18] which is a consequence of tough-
ening mechanisms such as a crack deflection and crack
bridging in the crack wake [16,18]. To date, the authors
are unaware of any other studies which have studied
high fracture toughness responses in the same group
VB TMC family, where the zeta phase has been
observed in niobium carbides [21] and vanadium car-
bides [21,22]. Furthermore, the zeta (and eta) phase is
also known to form in the group IVB TMN hafnium
nitrides [23-25]. Interestingly, this zeta phase has also
been observed in titanium nitride but only at elevated
temperatures [26,27]. As predicted by first principle
calculations, the zeta phase is thermodynamically
stable in the hafnium nitride system at absolute zero
[10,28] and metastable, at least in its stoichiometric
form, in the other systems reported above including
tantalum carbide [11,29,30]. In fact, the stability of
the zeta phase in the tantalum carbide system has
been the subject of much debate [12,31-33].

While the zeta phase has been reported to result in
an increase in fracture toughness at room temperature
in the tantalum carbides, there are no reports to date on
how it affects elevated temperature properties in this or
the other zeta forming ceramics. Such studies are likely
to be limited because the zeta phase has an upper
decomposition temperature above which it transforms
into the substoichiometric B1 phase. This decompo-
sition temperature is the highest in the hafnium nitride
system at around 2250°C [24], 2170°C in the tantalum
carbide system, 1875°C in the vanadium carbon sys-
tem, 1575°C in the niobium carbide system[14] and
1290°C in the titanium nitrogen system [27]. Thus, it
does not provide precipitate strengthening at tempera-
tures above these decomposition temperatures.

When the zeta phase is present in the carbides, a
complex thin-lath-based microstructure is observed,
Figure 1(a). [21,34-36] which likely results in the
observed increase in fracture toughness noted above.
The complex microstructure may also give rise to ani-
sotropic mechanical properties, including elasticity and

strength; however, in a polycrystalline aggregate, this
anisotropy may be reduced at the macroscale and, to
the authors’ knowledge, no work to date has investigate
the potentially induced anisotropy. Extensive work
in the tantalum carbide system has demonstrated that
the precipitation is controlled by orientation relation-
ships between zeta phases and its relationship to either
the monocarbide B1 TaC or trigonal Ta2C phase. For
both phase systems, the zeta phase maintains align-
ment of its close-packed planes between these two
phases [34,36]. In fact, TEM characterisation of the
early stages of precipitation of the zeta phase in substoi-
chiometric TaCx have shown the zeta phase nucleates as
circular loops on the {111} planes [34,35]. However, a
more complex relationship occurs in the hafnium
nitride system as large grains of the zeta (and eta)
phase are able to precipitate out and consume the rock-
salt grain because of their thermodynamic stability [25].
However, the complex lath-based microstructure can
still occur in the hafnium nitride if the zeta phase pre-
cipitates out of slightly substoichiometric HfNx rocksalt
structure, shown in Figure 1(b). This indicates that all of
these compounds have the potential for a microstruc-
tural-based toughening mechanism but raises questions
regarding the origins of the microstructures as it relates
to thermodynamic stability and kinetics.

In this paper, we aim to address the questions that
have been raised experimentally regarding the micro-
structures that occur in the presence of the zeta
phase in its lath-based precipitate state using primarily
equilibrium thermodynamics arguments. Our previous
work specifically on the tantalum carbide system [37]
has demonstrated that the energetics of the zeta
phase can be described in terms of a set of carbon
depleted stacking faults. In this work, we describe a
simple kinetics model that can help explain the phase
formation of this phase in terms of the thermodynamic
driving forces. We then extend our previous nanola-
mellar model (found in reference [37]) to include the
hafnium nitride system and use both models to explain
the differences in microstructures observed in the pres-
ence of the zeta phase between the group IVB carbides
and group VB nitrides.

Figure 1. (a) SEM micrograph of a multiphase tantalum carbide. The matrix is TaCx with the lath-like structures in the z-Ta4C3 phase.
(b) Electron backscattered diffraction phase map from a section of a Hf-HfN diffusion couple from reference [24] which shows lath-
like ζ-Hf4N3 (blue) in a HfNx matrix (green) next to a large, single phase ζ-Hf4N3 grain (blue). (Colour available online).
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A simple precipitation model

To better understand microstructures that form during
the precipitation of the zeta phase, we focus our atten-
tion to first describing the solid-state precipitation
from a parent nitride or carbide phase, presumably
the rocksalt structure. The growth of a Widmanstätten
microstructure is known to give rise to platelike struc-
tures because of the coherency of the platelike precipi-
tates relative to the parent phase. This can be attributed
to two contributing factors: (1) the asymmetry in the
driving force of the growth process and (2) the kinetics
of the diffusion process necessary for the precipitation
process.

First, we will introduce the idea of the differences in
driving force for precipitation. Consider a cylindrical
precipitate, the free energy difference between the
matrix and precipitate can be written as:

DG = 2pR2gT + 2pRhgS − pR2hDgv

where R is the radius, h is the height, Δgv is the volu-
metric free energy difference between the two phases,
and γs and γt and the interfacial energies between the
side walls and top/bottom of the cylinder, respectively.
Assuming that the driving force is the (negative) of the
derivative of the free energy with respect to the radius,

R, and height, h, one finds fR = − 2gT
h

+ gS
R
− Dgv

( )

and fh = − 2gs
R

− Dgv

( )
. If platelike growth is to

occur, then fR . fh which results in the criteria that
gS
gT

.
2R
h
. Similarly, the Wulff construction can be

used to predict the equilibrium shape of the cylinder
as γT/γS = h/(2R). Thus, at equilibrium, a cylinder
with very low sidewall energy will have a very small
height to radius aspect ratio, which is the same result
obtained from the thermodynamic driving forces.
Here we have ignored the potential contribution of ani-
sotropic strain energy on morphology because of the
similar elastic constants and volume of the parent
and precipitating phase, as reported in [29,38]. This
means, from a thermodynamic perspective, that the
equilibrium shape (and hence growth) will be con-
trolled by the differences, or anisotropy, of the surface
energies.

An alternative, but similar, point of view of kinetics
suggests that the morphology should be controlled lar-
gely by the rate of the diffusion of species through the
interface [39]. The arguments made for the difference
in morphology is that diffusion occurs more quickly
through the lateral (side) interfaces of the platelike pre-
cipitate than the top/bottom surfaces, resulting in the
observed lath morphologies. Of course, it is difficult
to separate out these two contributions from the differ-
ences in the thermodynamic driving forces for growth
from the pure kinetics of diffusion.

The energetics of the zeta phase and related
stacking faults

In order to understand the precipitation of the zeta
phase from the rocksalt phases of the carbides and
nitrides, we must understand both the bulk and inter-
facial chemistries and microstructure. The authors [37]
have recently investigated the bulk energetics of the
zeta phase in the tantalum carbides using a nanolamel-
lar model of these formation energies. They have
pointed out that the predicted bulk energies of the
zeta phase, the rocksalt structure, and related carbon
depleted stacking fault structures lie on a straight line
between the zeta phase and the rocksalt phase in tanta-
lum carbide. This suggests there is no bulk driving
force to organise the zeta phase over a disorganised car-
bon depleted arrangement of stacking fault phases. We
also demonstrated that the nanolamellar model pre-
dicts zero interfacial energy between the close-packed
planes between the zeta phase and the rocksalt (B1)
TaC phase as well as C6 α-Ta2C phase (which would
be γT in the above thermodynamic model), providing
further evidence for the lack of long-range organisation
of zeta phase grains in the tantalum carbon system. In
this section, we extend this model to the other systems
with the zeta phase: the vanadium carbides, niobium
carbides and, most importantly, the hafnium nitrides.

The details of the nanolamellar model can be found
in references [20,37] but it suffices to say that the ener-
getics of the nanolamellar phases can be related to the
local stacking sequences as well as chemistry. Thus, the
cohesive energy of the nanolamellar structures per-
unit-atom can be written as:

1 =
∑c,h

i hiliGi

nc +
∑c,h

i hili
(1)

where nc is the number of non-metal atoms, ηi is the
number of layers that belong to the types summed
over from the list c, h (the list and values can be
found in Table 1), λi is the number of metal atoms in
that layer and Γi is the energy associated with that
layer. The key aspect of the model is the Γi, which are
the fitted energies from Density Functional Theory

Table 1. Cohesive energy per atom in each type of metal layer
Γi (eV).
Parameters V-C Nb-C Hf-N

c10 9.825 11.406 10.883
c11 6.202 7.406 7.024
c20 14.000 15.708 15.247
c21 10.524 11.833 11.475
c22 7.034 7.875 7.669
h11 13.540 15.542 14.842
h12 9.932 11.536 10.988
h21 17254 19.446 18.995
h22 13.734 15.503 15.196

These values are the relevant parameters for the nanolamellar model of
each of the systems. The values for the tantalum carbon system can be
found in [37].
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(DFT) calculations. We have parameterised the model
for the c, h values for the niobium carbide systems,
vanadium carbide systems, and the hafnium nitride
systems as listed in Table 1.

The results of the nanolamellar model are plotted in
Figure 2 in the form of the cohesive energies of the
nanolamellar phases as a function of chemistry. The
lines denote the model predictions and the data points
represent direct DFT data. It is interesting to note that
the results of our modelling effort in these systems
mimic our results from the tantalum carbon system
in that the DFT data appears to lie on the predicted
straight line between the zeta phase and the rocksalt
structure. The only differences one might point out is
that the eta phases in all of these compounds are closer
to lying on the convex hull (and it does in the hafnium
nitride system) than in the tantalum carbide system.
This provides proof that the bulk energetics regarding
the preferences of nucleating organised nanolamellar
phases (like the zeta phase) are similar to disorganised
stacking faults. Furthermore, the experimentally
observed phase differences between the hafnium
nitride system (which can make full phase zeta (and
eta) grains rather than laminates of these phases) as
compared to the group VB carbides (which only yields
high density of zeta laminates) is more complex than
simply the bulk free energy behaviour, a point we
will address later in the paper.

It is also worth pointing out that the interfacial
energies between close-packed planes in the rocksalt
(B1) phase, {111}, and the zeta phase, {0001}, can be
estimated from this model and it is identically zero
regardless of the material system. This is a critical pre-
diction for our simple precipitation model discussed
above because it determines that the gT for the pre-
cipitation of the zeta phase in the rocksalt structure
is zero by our theory, and in reality, should be very
small. This is not surprising due to the coherent
nature of the close-packed plane orientation relation-
ships of these phases. Using this model further on the
hafnium nitrogen system, it can be shown that the
interfacial energies between the close-packed planes
between the zeta and eta phases are also zero as well
as the interfacial energies between the eta and Hf
phases. The predictions of the interfacial energies
based on our model for the hafnium nitride phase
are listed in Table 2. These results suggest that not
only would one expect that there would be thin lathes
in the rocksalt HfN, but there are would be thin lathes
in the other phases in the hafnium nitrogen system,
which is clearly observed in recent experimental
findings by the authors [25].

Figure 2. The cohesive energies of the nanolamellar forms of
the (a) hafnium carbides (b) niobium carbides and (c)
vanadium carbides. The squares denote the results of the
DFT calculations while the solid lines denote the predictions
of our nanolamellar model fit to the DFT data (see Table 1).
In the tantalum carbides (shown in reference [37]) the C6 struc-
ture (Ta2C) lies on the convex hull. In all of the compounds dis-
cussed here, other M2X forms are stable, all of which have hcp
metal atom stacking but differ in the ordering of the carbon/
nitrogen atoms, but by small (meV/atom) energies
[10,11,13,46]. Thus, all phases with an * denote metastable
stacking fault phases in the figure.

Table 2. The interfacial energies
in the hafnium nitrides predicted
from the nanolamellar model
Interface Iterfacial Energy

Hf3N2 || Hf 0
Hf4N3 || Hf3N2 0
Hf4N3 || HfN 0
Hf || HfN Γh11+ Γc21-2 Γc20
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While the results of our DFT simulations combined
with the nanolamellar model provide some insight to
the energetics and kinetics of precipitation, we note
that these results are still incomplete. First, it does
not predict interfacial energies on the side (lateral
walls) of the precipitation. Furthermore, these results
do not clearly differentiate the hafnium nitrogen sys-
tem from the group VB carbides. We will address
each of these points in subsequent sections.

The interfacial energies of carbon/nitrogen
depleted stacking faults

In order to provide a quantitative prediction of the
side-wall interfacial energetics of gS the zeta phase,
we must consider a mechanistic picture of the precipi-
tation of carbon/nitrogen depleted stacking faults in
the rocksalt structure. The basic idea was initially pro-
posed by Lewis et al. [36] and expanded up by others
[9,37,40] where the non-metal atoms are first depleted
on a close-packed plane followed by a shear via a
Shockley partial dislocation. This idea is schematically
shown in Figure 3(a,b). This basic model can provide
the essential information required to estimate inter-
facial energies for the aforementioned model.

The energetics of the nucleation of a carbon
depleted stacking fault can be approximated using a
dislocation theory given that the boundary between
the carbon depleted stacking fault and the matrix is

simply a Shockley partial dislocation. Of course, the
astute reader will point out that there could also be a
change in z-axis bond length due to the non-metal
depletion. However, Yu et al. [19] has shown this to
be minor and its effects can be neglected here. Thus,
we can estimate the energy of a circular dislocation
loop as:

E = mb2R
2(1− n)

1− n

2

( )
ln

2R
r0

( )
(2)

where b is the Burgers vector, R is the radius of the
loop, μ is the shear modulus, ν is the Poisson’s ratio
and r0 is the inner cut-off of the dislocation. The elastic
constants of the carbides and nitrides can be taken
from experimental data when available or DFT data
while the Burgers vector is simply b = a/

��
6

√
, where

a is the lattice constant of rocksalt structure.
We note that the energetics of a simple dislocation

loop can be used to estimate the interfacial energy
associated with the nucleation of the zeta phase in
the rocksalt structure. We further note that for a single
unit cell of the zeta phase, we need three of these dislo-
cations to from the zeta phase, as illustrated in Figure 3
(c). Thus, the effective surface energy is:

gs =
3Edislocation

2pRc
= 3mb2

4pc(1− n)
1− n

2

( )
ln

2R
r0

( )
(3)

Of course, this provides only an estimate of the
interfacial energy of the side-walls of the precipitating

Figure 3. Schematic representation of (a) the MX matrix {111} planes as viewed from the <110> direction. Note the Roman letters
represent the metal layers and the Greek letters represent the non-metal layers. The green highlighted rectangles represent every
fourth non-metal layer that will be removed and the blue box the remaining layers to nucleate the correct composition of the zeta
phase. (b) Upon removal of the non-metal layer, the two metal layers are now in contact and undergo a Shockley shear to create the
create the correct stacking sequence of the zeta phase. (c) A macroscopic view of the zeta phase layering in the MeX matrix material
with the identification of the top surface energy, γT, and the side wall surface energy, γs, for the zeta phase, ζ-M4X3. (Colour available
online).
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zeta phase as it neglects the interaction between dislo-
cation loops, among other things. Regardless of these
issues, the model does provide a relatively clear and
simple means of interfacial energy estimation which
has captured the precipitation physics in a realistic
manner. As noted in the introduction, TEM character-
isation of the early stages of zeta precipitation in the
tantalum carbides [34,35] has shown the zeta phase
as circular loops on isolated {111} TaCx planes.

To demonstrate that this is indeed a significant
interfacial energy, we examine the specific case for tan-
talum carbide. We take representative values for this
system as b = 0.18 nm, c = 3.0 nm, μ = 234 GPa and ν
= 0.22 (with the elastic constants from Dodd et al.
[41]). For the logarithmic term, we take

ln
2R
r0

( )
≈ 2.5, which corresponds to roughly a 1 nm

loop with r0 = b. Using these values results in an esti-
mate of the effective interfacial energy as
gs = 1.7 J/m2. This value is indeed quite large and is
comparable to values of stacking fault energies and sur-
face energies in the tantalum carbon system
[7,19,42,43] and thus can be accepted as reasonable.
This, of course, raises the issue of the absolute accuracy
of our model in the prediction of the top/bottom inter-
facial energies (gT), shown in Figure 3(c). To address
this issue, we directly computed the interfacial energy
between the close-packed planes in the TaC and ζ-
Ta4C3 phases directly in DFT and found the interfacial
in energy to be gT = 20mJ/m2, which is again reason-
able and within the accuracy of our calculations. Note
that our model, though specifically detailed for the zeta
phase, can easily be translated to the eta phase, which is
a similar stacking fault phase, but with the carbon
depleted on every third plane rather than every fourth
plane as done for the zeta phase.

Discussion

The introduction of simple thermodynamics precipi-
tation model appears to do a reasonable job of describ-
ing the morphology of the thin-lath-based
microstructure that is often observed when the zeta
phase precipitates out of the parent rocksalt structure.
It suggests that the large values of gs will drive the for-
mation of thin plate precipitates, which are often
observed in experiments [15,34,36,44,45]. Our nanola-
mellar model and direct DFT simulations confirm that
the interfacial energy between the close-packed planes
of the zeta phase and the rocksalt structure are always
small, which promotes the asymmetric microstructure.
This idea is furthered from our dislocation model of the
interfacial energy between lateral sides of the precipi-
tate, which are found to be quite high. Combining
this with the nanolamellar model prediction that the
bulk energetics of the zeta phase, when compared to

random faults, suggest there is no energy gain in organ-
ising the faults clearly helps explain the experimentally
observed microstructures in the group VB carbides in
the presences of the zeta phase.

However, the study here is primarily based on the
ideas of thermodynamic equilibrium and kinetics are
surely important to the resultant microstructure.
Specifically, the diffusion of carbon or nitrogen, in
addition to faulting, is required for the phase transition
to occur. Thus, fast cooling rates have the potential to
suppress the precipitation of the zeta phase and lock in
the high-temperature B1 phase while slow cooling may
facilitate more complete transformation. In addition,
even slower cooling rates or differing processing
methods may allow the zeta phase to precipitate out
as large grains or potentially yield vacancy ordered
forms, as computationally shown to be competing
phases [10-14]. Further experimental studies will
greatly benefit our understanding of the precipitation
kinetics of the zeta phase and add data needed to
further develop the model reported here.

Nonetheless, what is perhaps perplexing is the exist-
ence of both the thin-lath microstructure, as predicted
here, as well as large grains that readily form in the haf-
nium nitrides, Figure 1(b). The theoretical work pre-
sented here clearly does not demonstrate a
fundamental difference between these systems. To
understand the differences, we resort to both phase dia-
grams [12,13,24] and DFT predictions[10,11,28,29] of
the thermodynamics stability of the zeta phase in
these systems.

In the group VB carbides, DFT simulations have
suggested the stoichiometric zeta phase is metastable
at low temperatures, lying just off the convex hull
[11,29]. Similarly, experimental predictions usually
list the zeta phase as a high-temperature phase in
these materials [12,13]. Furthermore, extensive work
on diffusion couples has demonstrated the stability of
this phase, but the stability occurs in a substoichio-
metric form, about MC0.67 [21,33]. Collectively this
suggests that the stoichiometric zeta phase is not stable,
the substoichiometric form of the zeta phase is thermo-
dynamically stabilised by entropy, all inhibiting the for-
mation of large grains during precipitation. This results
in the preservation of the easily nucleated thin-lath
microstructure of the zeta phase. In comparison, exper-
imental work and theoretical work agree in that the
zeta (and eta) phases of the hafnium nitride system
are stable at low temperatures [10,24,28]. This suggests
that during processing, the stoichiometric zeta phase is
stable and can readily precipitate large grains within
diffusion couples [23-25]. The competition between
bulk stability, which forms large grains, and the ability
of the zeta phase to precipitate out of the rocksalt struc-
ture as a dual-phase microstructure with low thermo-
dynamic driving force for coarsening results in a
more competitive formation behaviour in hafnium
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nitride. The larger sidewall energies are able to be over-
come by the larger volumetric energy difference to
form this stable phase once the system is able to achieve
a composition where it is the only stable phase and/or a
different form of precipitation (a non-stacking mech-
anism) occurs. To determine if the nucleation of the
single-phase zeta or eta hafnium nitrides is by another
nucleation mechanism, more experimental work is
required and beyond the scope of this paper, which is
to provide a simple nucleation model for the lath
shape morphologies based upon interfacial energy
arguments. Regardless, the ability for the zeta phase
to specifically reside as a thermodynamically equili-
brium phase clearly dictates the type of morphology
it will have within the ceramic – either as a single-
phase grain or a complex and disorganised arrange-
ment of thin laths. The ability to then tailor the bulk
stability of the zeta phase by using metastable and
stable transition metal and non-metal species creates
an area for fruitful microstructure engineering of
mechanical properties.

Conclusion

The zeta phase, which is a stacking fault based phase, has
been shown, at least in the tantalum carbide system, to be
extremely relevant in achieving high fracture toughness
values. This has been associated, in part, with a micro-
structure composed of a highly dense, crisscross ζ-
Ta4C3 lathes that provide a tortuous crack path. Through
prior models, the authors have shown that the energetics
of producing such a series of random stacking faults is
equivalent between compositions between the stoichio-
metric zeta phase and the stoichiometric rocksalt struc-
ture. In this work, we have expanded that model to
include the other group VB TMCs, namely vanadium
and niobium carbides and have confirmed a similar
trend. We have also expanded this model to include haf-
nium nitride, which also precipitates the zeta (and eta)
phases as well and noted a similar agreement. We then
expanded our stacking fault model to describe a simple
precipitation-based model that would explain the shape
and anisotropic growth of these laths. Recognising that
the depletion of the non-metal species creates a stacking
fault loop on the close-packed planes, we have estimated
the side-wall energies created by this dislocation loop.
We have found that the energies are nearly two orders
of magnitude higher than the surface energies of the
faulted phase with its close-packed orientation relation-
ship. Consequently, this yields a significant energy differ-
ence that further drives the system to rapidly expand
within the plane but not coarsening out-of-plane.

Recognising that the hafnium nitride system is able to
readily precipitate single-phase grains of zeta (and eta)
phase, we then considered the bulk stoichiometric ther-
modynamic phase stability of these phases between the
carbides and nitrides. We noted that the stoichiometric

zeta (and eta) phases are thermodynamically equili-
brium phases whereas they are metastable in the car-
bides. Consequently, if the hafnium nitride system
achieves the correct zeta (or eta) phase composition,
the bulk thermodynamic driving force is sufficient to
overcome the anisotropic interfacial energies for the
growth of these lath shapes or possibly nucleates by a
different mechanism that is still to be determined.
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