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We have demonstrated by X-ray diffraction a transformation from the t-ZrO, phase into the m-ZrO, phase by
the presence of multiwall carbon nanotubes (MWCNTSs) and graphite powder (GP) in zirconia toughened
alumina composites sintered in air. The phase transformation does not occur in sintering under an argon
atmosphere. The quantitave phase analysis was carried out by fitting the X-ray diffraction profile with the
Rietveld method making use of the FullProf software. The obtained amounts of m-ZrO, phase by the presence
of GP and MWCNTs were 5% and 2.2%, respectively, at a sintering temperature of 1520 °C for 1 h.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Among advanced ceramics, zirconia (ZrO,) has found applications in
the industry and technology because of their unusual combination of
strength, fracture toughness and chemical resistance. ZrO, has three poly-
morphic crystalline structures, namely, monoclinic m (below 1170 °C),
tetragonal t (between 1170 °C and 2370 °C) and cubic ¢ (above 2370 °C).
This high temperature c-phase can be stabilized to room temperature
by incorporating some oxide systems as dopants such as CaO, MgO,
Y503, CeO, []—4]

On the other hand, the results obtained for ZrO,-SiN; and ZrO,-SiC
have been relatively poor compared to oxide systems. A stabilization of
zirconia by nitrogen or by solid nitrides has been observed after ZrO, is
sintered in nitrogen atmosphere [5]. The influence of carbon on the
phase structure and stability of ZrO, has been studied by Wang et al.
[6] who described that t-ZrO, would be obtained by carburizing the
pure m-ZrO, powder at 1500 °C. However, the influence of carbon on
this phase stability is still unclear. Herein, after a detailed and careful ex-
perimentation we provide experimental evidence of a phase transforma-
tion from the t-ZrO, into the m-ZrO, phase by GP and CNTs presence, this
unusual behavior demands the contribution of the scientific community
to elucidate a proper explanation of this phase transformation.

2. Experimental procedure

Since the experimental procedure has been described in detail else-
where [7], it will be explained briefly here. The compositions tested
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here were indicated as C1 (Al,03+0.025 wt.% MgO+ 13 wt.% ZrO,
(Tosoh 3Y) +2 wt.%m-Zr0O,), C2 (Al,03+0.025 wt.% MgO+ 13 wt.%
ZrO, (Tosoh 3Y) + 2 wt.%m-ZrO, 4+ 0.01 wt.% MWCNTs) and C3 (ZrO,
(Tosoh 3Y)+40.025 wt% MgO+13 wt% Al,05+ 2 wt%m-ZrO, +
0.01 wt.% MWCNTs). The as-received powders and MWCNTs were
carefully dispersed in ethanol with ultrasonic agitation for 2 h followed
by magnetic stirring until most of ethanol evaporated and then the mix-
ture was dried. The agglomerated mixture was ground intense and
carefully in an agate mortar. Each mixture was uniaxially pressed at
50 MPa in a disk (steel die) with 16 mm diameter at a constant strain
rate. Green samples with additions of MWCNTs were confined into an
alumina sagger with high purity graphite packing powder (graphite
powder, crystalline, — 300 mesh, 99%, Alfa Aesar), where the alumina
powder fill the space between the two high alumina crucibles. A third
crucible covers the one containing the graphite bed powder with the
sample. Samples without additions of MWCNTs were directly set into
Al,O5 crucible with ZrO, + Al,03 bed powder. The sintering tempera-
ture range varied from 1400 °C to 1600 °C for various soaking times
from 1 h to 10 h in air atmosphere. The samples were ground and
polished by SiC paper and then polished by diamond pastes of both
0.5 and 0.25 pum. Details on X-ray diffraction (XRD) conditions are
given in the Supplementary material.

3. Results and discussion

Fig. 1 presents the XRD patterns of the composition C2 sintered
in air using GP as bed powder (pattern # 1) and argon atmosphere
(pattern # 2). Two significant peaks corresponding to the m-ZrO,
can be observed in the sample sintered with graphite bed powder
(pattern # 1) in comparison to the pattern of the sample sintered in



316 M.H. Bocanegra-Bernal et al. / Int. Journal of Refractory Metals and Hard Materials 35 (2012) 315-318

argon (pattern # 2). It is clearly observed that some of the t-ZrO, was
transformed into m-ZrO, after sintering.

To evaluate separately the contribution of GP and CNTs to the
transformation of the t-ZrO, to the m-ZrO, phase, the unpolished
(“as sintered”) sample C1 was sintered at the same temperature
(1520 °C) for 1 h in air (Fig. 2a) as well as using GP as bed powder
at different times (Fig. 2b). Following the same procedure, the “as re-
ceived” sample C2 was also sintered at 1520 °C using GP as bed pow-
der (Fig. 2c) at the same times that the C1 (Fig. 2b). When C1 was
sintered in air (Fig. 2a), only the t-ZrO, phase is present while the
m-ZrO, phase has appeared when C1 has been sintered in air but
using GP as bed powder. Newly, a transformation of the t-ZrO, has oc-
curred by the presence of GP. Nonetheless, the m-ZrO, phase present
in the patterns of the Fig. 2c corresponding to the C2 sample (with
CNTs content) must be the contribution of both GP and CNTs. The
crystallographic data obtained with Rietveld fitting profile XRD pat-
terns of sintered samples in air and using GP as bed powder is
shown in Fig. 3. The lower curve in the graph (Fig. 3a) corresponds
to the difference between the observed and calculated intensity, plot-
ted on the same scale. The m-ZrO, and t-ZrO, peaks are shown in
more detail in Fig. 3b. The percentages corresponding to o-Al,03,
t-ZrO, and m-ZrO, are shown in Table 1. From this Table 1 can be
seen that the GP and the CNTs contributed to the transformation of
the t-ZrO, phase to the m-ZrO, phase in amounts of 5.0% and 2.2%,
respectively.

We have also observed that to obtain satisfactory stability in the
t-ZrO, phase, the presence of certain concentrations of stabilizing
oxide is required. However, there are also limits to the grain size
and the “mechanical” constraints of grain boundaries to stabilize the
t-ZrO, phase against displacive phase transformation. This is entirely
consistent with experience across a range of systems exhibiting
displacive or martensitic transformations, where the applications of
suitable applied stress or mechanical constraint can stabilize the par-
ent phase against the transformation [8]. In our samples, the bulk ma-
trix constraints are already relaxed to a significant degree in the
vicinity of the free surface. If the CNTs are such as to further reduce
or relax the “mechanical” constraint on the t-ZrO, phase, then it
could well explain the apparent transformation of the t-ZrO, phase
and formation of the m-ZrO, phase. However, we also observed that
polishing the sintered surfaces, the m-ZrO, phase can be removed
from the surface. This seems to suggest that there is some surface re-
action during sintering that contributes to the transformation of the
surface t-ZrO, phase in the “as sintered” samples. If it were purely
due to the mechanical relaxation, then we would have expected
that as soon as we expose fresh surface, the surface t-ZrO, would be
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Fig. 1. XRD patterns of sintered sample C2 sintered at 1520 °C for 1 h.
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Fig. 2. XRD patterns of samples sintered at 1520 °C. (a) Sample C1 1 h, (b) Sample C1
and (c) sample C2 sintered at four different sintering times. A=air; h=hours; G=
graphite bed powder; U=unpolished surface.

locally transformed. The Supplementary Figs. S1a and S1b show the
XRD patterns corresponding to the polished surfaces of the “as
sintered” C1 and C2 samples, respectively. It is clear that the m-ZrO,
phase has practically disappeared.

The polished samples C1 and C2 were re-sintered under same
sintering conditions. As can be seen in the XRD patterns of the
Fig. 4a and b, the m-ZrO, phase was formed indicating as mentioned
earlier that the exposition of fresh surface destabilize the surface
t-ZrO, being more notorious this phenomenon with the sample C2
which contain CNTs (Fig. 4b). To corroborate if the phase transforma-
tion could occur in the surface only, a sample C2 sintered at 1520 °C
for 1 h using GP as bed powder was cut in traverse section and ana-
lyzed by XRD. The pattern is shown in the Fig. 5a where a small
peak assignable to the m-ZrO, phase is present suggesting probably
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Fig. 3. (a): Rietveld plot of refinement results for samples C1 and C2 sintered at 1520 °C
for 1 h. (b): Enlarged 260 range between 27 and 33 where the (—111)m, (101)t and
(111)m planes are identifiable. (Air=Sample C1 sintered in air without graphite bed
powder; Graphite (GP)=Sample C1 sintered in graphite bed powder; Graphite
(GP) + MWCNTs = Sample C2 sintered in graphite bed powder).

that the phase transformation in the bulk will occur due to the carbon
nanotubes presence. The enlarged square in Fig. 5a is shown in
Fig. 5b.

It is noteworthy that our results presented here are in disagree-
ment with the pointed out by Luo et al. [6,9] who reported that the
addition of CNTs would be propitious to the transition from m-ZrO,
to c-ZrO, and to the stabilization of cubic ZrO, and Wang and Liang
[10] who revealed an increasing of the t-ZrO, content in pure m-ZrO,,
2Y-TZP and 3Y-TZP. According to the diffraction patterns showed
here, it is evident that there is a transformation of the tetragonal zirco-
nia phase during sintering in the presence of GP and CNTs. Therefore, in
the light of this experimental evidence and taking into account that the

Table 1
m-ZrO, phase content in the samples C1 and C2 sintered at 1520 °C for 1 h. (estimated
standard deviation values given in parentheses refer to the least significant digit).

Phase (a) Air (b) Graphite (GP) (c) Graphite (GP) + MWCNTs
a-Al,05 76.9(3) 76.7(4) 76.3(1)

t-Zr0, 23.1(4) 18.3(2) 16.5(2)

m-ZrO, 5.0(1) 7.2(2)

(a) Air: Sample C1 sintered in air at 1520 °C without graphite bed powder.

(b) Graphite (GP): Sample C1 sintered at 1520 °C using graphite bed powder.

(c) Graphite (GP)+MWCNTs: Sample C2 sintered at 1520 °C using graphite bed
powder.
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Fig. 4. XRD diffractograms of samples sintered and resintered at 1520 °C at four different
times after polishing surfaces. (a) Sample C1 and (b) Sample C2. Note in (b) the appearance
of the m-ZrO, phase after resintering treatment. (h = hours; G = graphite bed powder;
P=polished surface, R=resintered).

mechanism of this transformation is still unclear, future works are
needed in order to study more in depth this theme considering that
the extent of transformation of the t-ZrO, phase could be depending
on factors such as nature of ceramic matrix (see Supplementary Fig.
S2 for sample C3), amount and nature of the destabilizer as well as
the sintering temperature (see Fig. S3 in Supplementary material) and
time (see Fig. 2).

4. Conclusion

Herein, we have successfully demonstrated experimentally an un-
usual transformation of the t-ZrO, phase into m-ZrO, phase when ZTA
composites with additions of few amount of multiwall carbon nanotubes
are pressureless sintered in air using GP as bed powder. The possible
transformation mechanism has been described. Moreover, this behavior
could provide new insights into the performance of the zirconia based
ceramics in the presence of CNTs. In this context, a more in depth
study on this phenomenon in ZTA composites is in progress in order to
provide more reliable information concerning to the transformation of
the tetragonal zirconia into a monoclinic one.
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