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Abstract

The mechanical properties and microstructure of nitrided tetragonal zirconia polycrystals doped with yttria (Y-TZP) have been

evaluated. It has been established that a surface layer is formed during nitriding at 1650 �C for 5 min, 1 and 2 h. Such layer exhibits
a gradient in grain size, which results in a variation in the capacity of the material to undergo a stress assisted tetragonal to
monoclinic (t–m) phase transformation together with a build up of residual stresses. After nitriding for 1 h, the outer surface forms

non-transformable t0 phase, which protects the material from low temperature ageing degradation. It is shown that, in contrast with
the original Y-TZP, the nitrided surface does not transform in the presence of water at 100 �C during time periods of up to 900 h.
By contrast, nitrided Y-TZP is not stable after exposure in air at temperatures of 600 and 800 �C, since t–m transformation occurs
in a subsurface layer of the nitrided rods, and this induces high internal stresses.
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1. Introduction

The stability of ZrO2 polymorphs depends strongly
upon the quantity and type of stabilising oxide that is
used to decrease the temperature of the tetragonal to
monoclinic (t–m) phase transformation. This transfor-
mation is martensitic in nature and is accompanied by
an increase in volume of up to approximately 4%. In
the event that such transformation becomes active
under a stress field in the vicinity of a crack, a slight
change in volume occurs ahead of the crack tip, leading
to a significant increase in the fracture toughness.1

Unfortunately, this transformation may also take place
at the surface due to interaction with water molecules in
the environment. Such interaction induces surface
cracks which, in turn, results in a degradation of the
mechanical properties (see, for instance, Ref. 2).
One strategy to increase the resistance of Y-TZP

against humidity is to act upon the microstructure of
the material at the surface exposed to the environment.
This can be accomplished by various methods, such as
crystallisation of tetragonal grains in the surface
region,3 sintering green Y-TZP compacts in a powder
bed of stabilising oxides such as Y2O3,
4 or by doping

with silica.5 Along these lines, a method that deserves to
be explored involves surface nitriding.6 The operating
mechanism behind this approach is the formation of
vacancies in the unit-cell of zirconia which are induced
by a high-temperature heat treatment in the presence of
nitrogen. This element stabilises the cubic phase of zir-
conia (c-ZrO2) by virtue of a partial substitution of
oxygen ions (O2�) by nitrogen ions (N3�), causing the
desired vacancies.7 This mechanism is identical to that
of bi and tri-valent cations, such as Mg2+ and Y3+,
which allows stabilising the tetragonal and cubic phases
of ZrO2.
In this work, it is investigated the microstructure,

mechanical properties and stability of nitrided Y-TZP.
It is shown that the nitrided material does not suffer
hydrothermal degradation after exposure at 100 �C for
long times, but t–m transformation is detected in a
subsurface layer after exposing the nitrided material at
600 and 800 �C in air.
2. Experimental procedure

The starting material examined in this work is a zir-
conia stabilised with 2.5% mol of Y2O3 (Y-TZP). Its
microstructure consists of tetragonal grains with an
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average size of 0.3 mm. The specimens had the shape of
cylindrical bars of 8 mm in diameter. They were initially
covered with a fine-grain powder of ZrN (having a
maximum particle size of 7.7 mm) and then heat treated
in a nitrogen-rich environment at a temperature of
1650 �C during 5 min, 1 and 2 h. The resulting materials
are referred to as 5M, 1H and 2H, respectively. The
heating and cooling rates applied were both of 20 �C/
min. Some transversal slices of the rods were also nitri-
ded, for the 5M and 2H conditions, in order to prepare
thin foils for transmission electron microscopy (TEM)
of the surface region.
The nitrided rods were also cut in disks of about 2

mm thickness and polished using diamond pastes until a
mirror finish was attained. To reveal the microstructure,
thin slices of 30 mm thickness were analysed by trans-
mission optical microscopy (TOM).
Microhardness tests with a 0.98 N load were con-

ducted to evaluate the variation in hardness along the
diameter of the rods. In addition, Vickers indentation
tests were carried out to induce cracks at various dis-
tances from the surface with the objective of studying
the fracture behaviour of the nitrided materials. In prior
work, it has been shown that the geometry of cracks
introduced by Vickers indentation in Y-TZP exhibits a
Palmqvist-type shape.8 However, since the micro-
structure of nitrided Y-TZP changes with distance to
the surface of the specimens, the shape of the indenta-
tion cracks at different positions inside the rod may be
different. Therefore, the fracture toughness KIc was
evaluated using the equation derived by Anstis et al.9

which has also been widely used in Y-TZP for either
Palmqvist or radial cracks,10

KIc ¼ �
P

c3=20

ð1Þ

where � is a factor that depends on both Young’s mod-
ulus E and hardness H, P is the applied indentation
load, and 2c0 is the average length of the induced
cracks.
Experiments of hydrothermal degradation were car-

ried out with the purpose of evaluating the influence of
water on microstructural stability of the nitrided speci-
mens. Such experiments were performed by submerging
the polished and nitrided Y-TZP disks in water at 100 �C
during different periods of time. The t–m transforma-
tion at the surface was analysed by Raman microprobe
spectroscopy.
It is known that nitrided Y-TZP may suffer a sponta-

neous transformation to monoclinic phase when heat
treated in air at temperatures higher than 600 �C.6 For
this reason, the stability of the phases in the nitrided
rods was studied in air at temperatures of 600 and
800 �C for time intervals of 1, 2, 4 and 8 h by using disks
sliced from the rods and carefully polished with 30 and
6 mm diamond pastes. The aim of these experiments was
to analyse the influence of oxygen on the coarse tetra-
gonal phase induced by nitrogen after nitriding. The
microstructural evolution resulting from such treat-
ments in air was assessed through Raman microprobe
spectroscopy. The fraction of monoclinic phase present
in different regions of the specimens was calculated
using an equation attained from calibration using X-ray
data, as reported in a previous work by the authors.11
3. Results and discussion

3.1. Microstructural characterisation of nitrided Y-TZP

Fig. 1 shows the microstructure of Y-TZP after
nitriding at 1650 �C for 2 h. A surface layer is formed in
the nitrided samples with a thickness that increases with
nitriding time. Two regions can be discerned in the
nitrided layer according to the grain size (see Table 1):
Region I, which is the outermost zone of the specimens,
and it contains a microstructure with a large homo-
geneous grain size, and its thickness is approximately
350 mm for 2H, and �250 mm for 1H; Region II, which
extends to the interface between the above layer and the
bulk and exhibits a gradient in grain size from 4 to 1 mm
for the three nitriding times used here. The material in
the bulk (denoted as Region III) exhibits a homo-
geneous microstructure whose grain size is also included
in Table 1. Raman analysis indicated that there is no
monoclinic phase in the nitrided materials. TEM analy-
sis of the outermost region (zone I) of 5M and 2H reveal
that the morphology of the microstructure depends on
nitriding time. For the case of 5M, a heterogeneous
distribution of fine precipitates is detected (Fig. 2a). On
the other hand, in 2H the surface grains have a domain
structure that is typical of non-transformable (t0)
phase.12 These domains have a nanometric thickness
Fig. 1. TOM micrograph of Y-TZP nitrided during 2 h at 1650 �C

(2H).
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and exhibit three orientations as shown in Fig. 2b. The
above microstructural differences are mostly associated
with the time selected for nitriding. Thus, after nitriding
for only 5 min, precipitates are present in the interior of
the cubic grains at the surface, but the tetragonal
domains develop only after longer nitriding times (2 h).
The reason may be that the c-phase is stabilised at the
surface at high temperature due to the presence of a
large amount of nitrogen, but it transforms to (t0) upon
cooling to room temperature.13 This transformation is
accompanied by the formation of the tetragonal
domains shown in Fig. 2b. These findings are in good
concordance with the results by Cheng and Thompson
that show a decrease in the t–c transformation tem-
perature as ZrN is added into Y-TZP.13

3.2. Mechanical characterisation

As described above, the nitriding process leads to the
formation of a surface layer with different micro-
structures. Thus, one would also expect that the
mechanical properties will depend on the region of the
layer where they are measured. The variation of micro-
hardness with depth for indentation loads of 0.98 N is
shown in Fig. 3. The microhardness (Hv) in the surface
region of 1H and 2H is larger than for the original Y-TZP.
The value of Hv in Region I of 1H is �14.5 GPa and it
decreases gradually as the depth increases until reaching
values similar to those of the original material (�12
GPa). Hence, the increase in hardness in the surface
layers could be related to (1) a larger concentration of
nitrogen present in such regions, (2) a larger grain size,
and (3) the presence of t0-phase. In the case of 5M, the
hardness is not found to vary, within the experimental
scatter. This result may also be explained by the pre-
sence of some cubic phase which is generally softer than
the t0-phase. In addition, it should be noticed that the
hardness at the surface for 2H is smaller than for 1H.
This could be related to an increase in the size of tetra-
gonal (t0) domains as observed by TEM in specimens
nitrided for 1 and 2 h.
The variation of KIc at the centre of the nitrided rods

and in the original material is presented in Fig. 4. The
increase in fracture toughness measured at the centre of
Table 1

Depth of nitrided layers formed as a function of nitriding time and

corresponding grain size values
Material
 5M
 1H
 2H
Depth of zone I (mm)
 �25
 �250
 �350
Mean grain size in zone I (mm)
 �8
 �15
 �20
Depth of zone II (mm)
 �100
 �450
 �850
Mean grain size in zone III (mm)
 �0.3
 �0.8
 �1.1
Fig. 2. TEM micrographs of zone I of nitrided Y-TZP: (a) 5M (5 min), (b) 2H (2 h).
Fig. 3. Vickers microhardness profiles as a function of depth for 5M,

1H, 2H, and starting Y-TZP.
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nitrided rods with respect to the starting Y-TZP is
associated with differences in grain size. Since the tetra-
gonal grain size increases in the nitrided specimens (see
Table 1), the energy to activate the t–m phase transfor-
mation under applied stresses decreases, resulting in an
enhancement in fracture toughness. This interpretation
is also substantiated by the observation that when the
grain size is increased by heat treating the rods in air at
1650 �C for the same time, the fracture toughness also
increase and reach similar values to those measured here
at the centre of specimens nitrided at the same tem-
perature.8

The Vickers indentation technique was also used to
study the length of the cracks at different depths
(Fig. 5a). It has been found that, in the nitrided layer,
crack lengths in the radial direction are clearly different
from those in the tangential one. This implies the exis-
tence of residual stresses which should be compressive in
the tangential direction and tensile in the radial one (see
Fig. 5b). The difference in crack lengths between both
directions increases with nitriding time.
Attempting to rationalise the existence of residual
stresses, the transformations that take place during
nitriding as well as the nitrogen concentration gradient
along the radial direction should be analysed. As the
chemical concentration gradient may cause a lattice
dilation, a stress distribution may arise inside the nitri-
ded rod which can be calculated by using solutions
obtained for the stresses caused by thermal gradients
and that have been applied to diffusion problems
accompanied by change in volume.14 Hence, the stress
field that results is compressive in the tangential direc-
tion and decreases with depth, while the radial compo-
nent is tensile, and near the surface increases slowly with
depth. In this sense, it should be recalled that nitrogen
in Y-TZP forms nitrogen ions (N3�) which substitute
oxygen ones (O2�).7 Such introduction of ions with lar-
ger ionic radii may result in a residual stress build up
during nitriding if these are not relaxed by the production
of enough oxygen vacancies.
In order to quantify the residual stresses present in the

nitrided layer, we shall assume that the indentation
crack is subjected to a constant radial and tangential
residual stress field. As it has been proposed by Zeng
and Rowcliffe,15 for calculating this residual stress field
it is necessary to have a prior knowledge of the length of
indentation cracks (c0) in a fresh (stress-free) specimen
as well as in the surface where the residual stresses are to
be evaluated. To apply this model to the case at hand,
let us start by assuming that Region III is stress-free
because the crack lengths in the different materials are
similar within this zone. Thus, considering that the
fracture toughness in a stress-free surface is given by Eq.
(1), in the event that residual stresses are present at the
indented surface, the apparent fracture toughness (Kap)
may be written as
Kap ¼ K�
Ic � Kres ð2Þ
Fig. 5. (a) Crack lengths, for an indentation load of 294 N, as a function of sample depth; (b) indentation near the surface in 2H.
Fig. 4. KIc as a function of nitriding time at the centre of the bars

(zone III).
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where K�
Ic is the fracture toughness at the point of

indentation and Kres is the stress intensity factor due to
internal stresses (Kres is taken as positive for tension and
negative for compression). If Eq. (2) is applied to the
indentation cracks in the radial, Kres=Kr, and tangential
directions, Kres=Kt, we obtain:

�P

c3=2r

¼ K�
Ic � Kr ð3Þ

�P

c3=2t

¼ K�
Ic � Kt ð4Þ

where 2cr and 2ct are the crack lengths in the radial and
tangential directions, respectively (see Fig. 5b). Then, by
subtracting both equations and dividing by the fracture
toughness in the centre of the rods, KIc, which is sup-
posed to be stress free, it is possible to obtain the dif-
ference between the internal stress intensity factors in
the radial and tangential directions, that is,

Kt � Kr

KIc
¼ c3=20

1

c3=2t

�
1

c3=2r

 !
ð5Þ

where 2c0 is the crack length at the centre of the rod.
This variation is plotted in terms of the distance to the
surface in Fig. 6. It can be noticed that (Kt�Kr)/KIc

decreases from the centre to the surface and it reaches a
value of the order of 1 near the outer t0 layer. This
means that the average of absolute values of the stress
intensity factors induced by internal stresses may reach
values close to the fracture toughness.
If the expressions for the stress intensity factors for

surface semicircular cracks under a constant stress are
used, the stress intensity factors of the internal stresses
can be written as,

Kr ¼ ��t
ffiffiffiffi
cr

p
ð6Þ
Kt ¼ ��r
ffiffiffiffi
ct

p
ð7Þ

where � is a constant of the order to unity and �r and �t
are the radial and tangential internal stresses, which act
in mode I, that is perpendicular to the tangential and
radial indentation cracks, respectively. From Eqs. (3)
and (4), and by using Eqs. (6) and (7), we have

�r ¼ KIc

c0=ctð Þ
3=2

� K�
Ic=KIc

� �� �
�c1=2t

ð8Þ

�t ¼ KIc

c0=crð Þ
3=2

� K�
Ic=KIc

� �� �
�c1=2r

ð9Þ

To estimate the residual stress, it is necessary to know
the local fracture toughness along the radial direction of
the rod. This parameter is not constant since the
microstructure changes along this direction, with large
tetragonal grains in Region II, close to the t0 outer layer
and fine grains at the centre of the rod. Then, only a
rough estimation can be given by neglecting these
changes and taking KIc ¼ K�

Ic. By doing so, the internal
stresses along both directions can be estimated by mea-
suring the crack lengths at different depths and the
results are shown in Fig. 7. It is clear that these values
are only a first approximation to the residual stresses.
Indeed, since the nitrided material below the t0-layer is
more transformable, indentation crack lengths are dif-
ferent from those at the centre of the rod, not only
because of the existence of residual stresses, but also
because at this place the material has a higher fracture
toughness. However, since an increase in KIc should
have the same effect for the radial and tangential direc-
tions, the asymmetric behaviour is entirely due to the
internal stresses developed inside the rod. If, as expec-
ted, the local fracture toughness was generally higher
than at the centre of the rod, the present estimations
would tend to overestimate the tensile internal stress
Fig. 6. Variation of (Kt�Kr)/KIc as a function of sample depth.
Fig. 7. Residual stresses, calculated using Eq. (7), as a function of

sample depth for 1H and 2H.
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and to subestimate the compressive ones. Then, the
values measured for the compressive internal stresses at
different points should be taken as a lower bound to the
exact value.

3.3. Hydrothermal degradation

It is well known that transformation of the t-phase to
monoclinic at the surface of Y-TZP is facilitated by the
presence of humidity at temperatures up to 300 �C.2 In
the present work, the resistance against hydrothermal-
induced phase transformation of nitrided specimens has
been studied and compared to the results obtained for
Y-TZP under similar conditions. The fraction of m-
phase induced at the surface of disks subjected to
hydrothermal degradation at 100 �C is presented in
Fig. 8 as a function of time. It is clearly seen that for the
original Y-TZP the fraction of m-phase detected by
Raman spectroscopy increases with ageing time,
whereas no m-phase has been found at the surface of the
nitrided 2H disks after similar hydrothermal exposure.
This finding indicates the non-transformable character
of the microstructure at Y-TZP nitrided surfaces.

3.4. Microstructural characterisation of nitrided Y-TZP
after heat treating at 600 and 800 �C in air

Heat treatments at 600 and 800 �C of nitrided Y-TZP
specimens were conducted in air in order to study the
stability of the phases within the surface layer of mate-
rials 5M, 1H and 2H. These temperatures were selected
in order to see if at these low temperatures diffusion of
oxygen and nitrogen in the nitrided specimens could
affect the stability of the tetragonal phase. Particularly,
this could be relevant in regions with a large tetragonal
grain size as it occurs underneath the t0 external layer.
Because of the well known relationship between stability
of the tetragonal grain size and number of vacancies,
this place is where a higher volume fraction of oxygen
vacancies should be present. Since it is also the place
where the tetragonal phase is closer to the surface, it is
expected that oxygen diffusion at high temperature
could decrease the number of vacancies and activate the
t–m phase transformation.
It is noted that Region I should be highly stable at

such temperatures because of the presence of non-
transformable t0 and c phases. Fig. 9 shows the fraction
of monoclinic phase in terms of depth, heat treatment,
temperature and time. It is found that in specimens 1H
and 2H, the fraction of monoclinic phase reaches a
maximum of about 0.6, which is essentially independent
of time and temperature, while for 5M such maximum is
only about 0.4.
Fig. 8. Volume fraction of monoclinic phase at the surface in terms of

ageing time in water at 100 �C.
Fig. 9. Variation of fraction of monoclinic phase and corresponding residual compressive stresses for: (a) 5M and 1H, (b) 2H.
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As the t–m transformation is accompanied by an
increase in volume (�V/V), the residual stresses intro-
duced at each point may be related to the fraction of
monoclinic phase by means of the following expression14

�c 

1

3

DV

V

� 	
EVi

1� �ð Þ
ð10Þ

and the correspondingly attained values are also shown
at the right hand axis of Fig. 9.
From Fig. 9 it is readily discerned that Region I does

not undergo any transformation because the fraction of
m-phase is zero. Note that thickness of the protective
layer for material 2H (�350 mm) is about

ffiffiffi
2

p
times that

of the stable layer in material 1H (�250 mm) as it could
be anticipated from the laws governing a diffusional
process. Accordingly, this means that t0-phase appears
when a critical nitrogen concentration is reached. The
depth at which the fraction of monoclinic is again zero
(�1200 mm in 2H and �680 mm in 1H) satisfactorily
coincides with the location were Region III begins. The
protective layer for 5M (�25 mm) is much thinner than
in the other cases because the nitriding time is also
shorter, and this leads to a reduction in the amount of
nitrogen introduced into the material.
The cause for the non-transformability of the t0-phase

in the outer layer in 1H and 2H, despite of its large
grain size, has been explained by the idea that the resis-
tance to experience t–m transformation is controlled by
the size of the tetragonal domains.16 In our case, these
domains are extremely thin as their thickness is about
50 nm (see Fig. 2b). Furthermore, the transformability
of the tetragonal phase in Region II at temperatures of
600 and 800 �C is anticipated to depend on various fac-
tors such as: (1) nitrogen content dissolved during
nitriding at 1650 �C, (2) fraction and grain size of the
tetragonal phase, and (3) existence of non-transformable
phases.
The distribution of the m-phase in Region II may be

analysed by considering that at the border with Region
I, there is a continuous transition from only t0-phase to
c-and t-phase. The nitrogen content is still high so that
the non-transformable c- and t0-phases are still stable
and, thus, the loss in nitrogen does not induce transfor-
mation. Near the border is even possible to observe
grains of 4 mm, which cannot be tetragonal because they
are larger than the critical size for spontaneous trans-
formation to m-ZrO2. Near the centre of Region II,
t-phase becomes predominant as it is shown by the
increase in the fraction of m-phase at the centre of
Region II. This is the consequence of the transforma-
tion of the t-phase when the amount of stabiliser
(nitrogen/oxygen vacancies) in this phase is decreased
during high temperature exposure. After the maximum
amount of transformation is reached, a significant
decrease in the fraction of m-phase is detected which
could be related to the fact that the grain size of the
t-phase in this region is smaller and, thus, its trans-
formability is also reduced.
Finally, the absence of monoclinic phase in Region III

can be explained by a lower concentration of nitrogen,
so that a negligible amount of stabiliser is lost during
the heat treating in air. In addition, the grain size is
relatively small, which makes the tetragonal phase more
stable in front of the t–m transformation.

3.5. Mechanical characteristics of nitrided bars after
exposed to 600 and 800 �C in air

The heat treatments in air induce the t–m transfor-
mation underneath the nitrided (surface) layer. From
the knowledge of the fraction of m-phase, it is possible
to estimate the level of the compressive stresses resulting
from the increase in volume that accompanies the above
phase transformation according to Eq. (10). Fig. 9
indicates that maximum values of �c attained in nitrided
disks are about �2.7 GPa for a monoclinic volume
fraction of �0.6. According to this high compressive
stress level, indentation cracks should be shorter than
the crack length for which Eq. (1) is valid. Experimental
confirmation for this has been obtained by indenting
Region II with a load of 294 N and observing that no
cracks are induced at the corners of the imprint when
this region has transformed. On the contrary, indenta-
tion cracks in Region III become longer and finally their
lengths are similar to those at the centre of the rods.
Additionally, the values of KIc in such region are only
slightly larger than those of non-nitrided specimens heat
treated during 2 h at 1650 �C in air (Fig. 4).
4. Conclusions

A protective layer that is resistant to water degrada-
tion has been introduced in a Y-TZP ceramic stabilised
by 2.5 mol% of Y2O3. This has been achieved by
recourse to suitable nitriding heat treatments of the ori-
ginal material. The nitrided layer is formed by non-
transformable t0-phase, which does not transform to
monoclinic by interaction with the water in the envir-
onment.
The tetragonal t-phase of nitrided Y-TZP, which is

capable of transforming to the monoclinic structure,
remains in the interior of the specimens. However, at
temperatures of 600 and 800 �C in air, a subsurface
tetragonal layer transforms inducing large residual
stresses.
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