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Abstract

VAESRAVERERBISeE The feasibility of reducing the spark-plasma-sintering (SPS) temperature of
additive-free zirconium diboride (ZrBz) ultra-high-temperature ceramics via the crystal size
refinement of the starting powder down to the nanoscale was tested. It is found that under the same
SPS conditions nanoscale ZrB; can be densified at temperatures about 450 °C lower than the as-
purchased, coarse ZrBz, and at more than 250 °C below the typical submicrometre powders. It is
also found that the elimination of the B.O3z impurities plays an important role in the complete
densification. Finally, the unequalled sinterability of the nanoscale ZrB, powder highlights the
need of using high-energy ball-milling for the comminution of the typical commercially-available

ZrB> powders.
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1. Introduction

Zirconium diboride (ZrB) is one of those few compounds that can be classed as ultra-high-
temperature ceramic (UHTC) [1]. Its favourable set of properties (among others, melting point
3250 °C, hardness 23 GPa, elastic modulus >500 GPa, electrical resistivity ~ 10®° Q-cm, and
thermal conductivity >60 W-m™-K'1) renders ZrB; a very attractive candidate material within the
world of extreme environment engineering, for applications such as for example hypersonic flight,
scramjet and rocket propulsion, atmospheric re-entry, refractory crucibles, plasma-arc electrodes,
to cite some [2,3].

It is widely recognized by the ceramic community that one of the greatest obstacles that
limits the successful development and implementation of the ZrB, UHTCs is its poor sinterability,
to which contribute various intrinsic and extrinsic factors. On one hand there are the strong
covalent bonding, the low self-diffusion coefficients, and the large particle sizes that together
impose a very serious kinetic restrictions to the diffusion [2-5], and on the other hand there is the
contamination by surface oxides that favours coarsening over densification [2,3,5]. The strategy
typically adopted to tackle the problem of ZrB. unsinterability consists of introducing sintering
additives (either liquid phase formers, or reactive agents), together with the refinement of the
starting powders by ball milling (normally in the form of wet attrition mechanical) down to the
submicrometre scale [2,3]. Regarding this latter point, in a recent study we investigated in details
the spark-plasma sintering (SPS) kinetics of ZrB without additives as a function of the crystal size
from a couple of micrometres to a few nanometres (achieved by high-energy ball-milling), and
concluded however that the breakthrough needed to obtain ZrB. powders with unmatched sintering
behaviour requires going beyond the simple refinement to the submicrometre scale and that it is
the nanoscale crystal refinement what indeed offers an unprecedented opportunity to significantly
reduce the sintering temperature of ZrB> [6]. This latter expectation, which has not been confirmed
experimentally thus far, arises from the observation that only the nanoscale crystal refinement
promotes considerably greater grain-boundary diffusion at much lower temperatures in ZrB: [6],
and this is the mass transport mechanism responsible for its densification. Elucidating this pending
issue of the crystal refinement scale in the reduction of the sintering temperature of ZrB; is thus a
fundamental question that requires a prompt experimental response not only because the lower-

temperature sintering is doubtless one of the long-sought objectives in the field of UHTCs, but



also because, if confirmed, this might have important implications regarding the comminution
practices utilized by the UHTC community.

With this in mind, the objective of present work is to extend the previous Kinetics study
providing the first extensive set of SPS experimental measurements carried out explicitly to
explore by a detailed densification study the issue of the crystal refinement scale in the reduction
of the sintering temperature of ZrB,. For this proof-of-concept study, we have spark-plasma
sintered without sintering additive six ZrB> powders with varied crystal sizes in the micrometer,
submicrometre and nanometre scales, SOtHE Cry St oIze e Hect cantbeninvestigatea Withourany
interferenee (arriesgado, porque hay oxidos que se introducen en la molienda y por tanto no es
exclusive del tamafo de cristales). The details of experiments and major findings are described

below.

2. Experimental Procedure

The six ZrB, powders used in the present study were taken from the ampler set of ZrB>
powders already utilized in the previous SPS kinetics study [6], and thus here we will limit
ourselves to summary their preparation protocol. Briefly, the coarse powder with an average
crystal size of 2 um was obtained from a commercial source (Grade B, H.C. Starck, Goslar,
Germany). The powders with submicrometre and ultra-fine crystals (i.e., ~ 500 and 160 nm,
respectively), and the three powders with nanometre crystals (i.e., ~ 70, 25, and 10 nm,
respectively) were prepared by subjecting the commercial ZrB2 powder to high-energy ball-milling
in air in a shaker mill (Spex D8000, Spex CertiPrep, Metuchen, NJ, US) for different times as
required to reach the desired average crystal size [6], using WC balls as milling media with a ball-
to-powder weight ratio of 4. More details of the preparation and characteristics of these ZrB:
powders can be found elsewhere [6-9].

The different ZrB> powders were individually loaded into 12-mm diameter graphite dies
lined with graphite foil and surrounded by a - 0.5 cm thick graphite blanket to minimize the
heat loss, and were then spark-plasma sintered (Dr. Sinter SPS-2050, Sumitomo Coal Mining Co.)
using 12ms on and 2ms off pulsed DC and under atmosphere of dynamic vacuum. Two types of
SPS cycles were implemented: (1) heating at 100 °C-min! up to target temperature under 75 MPa
pressure, and soaking at these conditions of temperature and pressure for a certain time (hereafter

abbreviated as simple SPS cycle), and (2) heating at 100 °C-min up to target temperature under



20 MPa pressure, followed by soaking at the target temperature under 75 MPa pressure for a certain
time (hereafter abbreviated as complex SPS cycle). Details of another SPS cycle used only
sporadically will be given along with results. For each powder the target temperature (measured
by an optical pyrometer focused on the die) was a variable in this study, and was varied with the
reference in mind of its transition temperature from surface diffusion to grain-boundary diffusion
(Teep) determined in the previous kinetics study [6] (i.e., ~ 1550, 1650, 1740, 1765, 1785, and
1810 °C for the crystal sizes of 10, 25, 70, 160, 500, and 2000 nm, respectively). After the
completion of the SPS cycle, the load was released and the electrical power was shut off to allow

rapid cooling to room temperature (i.e., in 1-2 min). TR PO UIHace o CotippetWithaa

gurves: The displacement resolution used to measure the shrinkage profile during densification is
1 um. These curves were corrected for the expansion of the graphite parts (i.e., die, punches, and
spacers) to give the real shrinkage curve of the powder itself, and converted to densification curves
by considering the linear shrinkage and the bulk densities measured according to Archimedes's
principle to get relative densities of the sintered samples. The sintered materials were observed by
scanning electron microscopy (SEM; S-3600N, Hitachi) to validate the porosity data, and also to
observe their microstructure. The SEM observations were done on fracture surfaces, at 5 kV

without metal coating.

3. Results and Discussion

The data of Tpp obtained in the previous SPS kinetics study [6] suggests that the ZrB»
nano-powder with 10-nm crystals will exhibit the lowest sintering temperature of all powders
investigated here, and for this reason the first set of SPS densification experiments will be focused
on this powder. Figure 1 compares the densification curves as a function of time for this ZrB»
nano-powder obtained with the simple SPS cycle after 15 min of soaking at 1450, 1500, 1550,
1600, and 1625 °C. It is very clear that the final degree of densification increases with increasing
the target temperature, from ~ 91% at 1450 °C to ~98.5% at 1625 °C. This latter can be considered
to be a dense UHTC. Since the densification curve at 1625 °C stabilized after 3.5 min of isothermal
soaking, there is no reason to prolong further the sintering as this only will cause coarsening. It is
noted that the target temperature of 1625 °C is pretty close to the corresponding value of Tgsp (i.e.,

~ 1550 °C), with only ~ 75 °C difference. Hence, these results confirm the possibility of densifying



ZrB> UHTC:s close to the temperature dictated by 7ap under the appropriate isothermal soaking.
This notion is further corroborated by the observation in Fig. 1 that the final degree of densification
is relatively moderate and lower than 93% after 15 min of isothermal heating at 1450 and 1500
°C, which are temperatures both below the value of TGap, but increases notably above 96% when
sintering for the same time at 1550 °C or at higher temperatures. This trend also became evident
during the direct examination of the microstructures by SEM, as illustrated for example in the
comparison of micrographs in Fig. 2 which shows incomplete densification at 1450 °C but pore
absence at 1625 °C.

Another interesting observation in Fig. 1 is that all densification curves reached the plateau
after various minutes of isothermal soaking, except the curve obtained at 1450 °C which has not
flattened off after 15 min. It appears then that the ZrB> nano-powder would have densified further
with a more prolonged soaking at 1450 °C. In consequence, we have measured the densification
curve of the ZrB; nano-powder at 1450 °C until the stabilization of the graphite punches, which is
shown in Fig. 3. The measurement indicates that ~ 98% relative density can be reached with the
simple SPS cycle after 30 min at 1450 °C. Interestingly, this is almost the same final degree of
densification reached at 1625 °C (~ 98.5%), and it is slightly higher than those reached at 1550 (~
96%) and 1600 °C (~ 97%) and much higher than that at 1500 °C (~ 92%), in all cases after the
corresponding curve stabilization. This is an expected finding because it is not what we would
have predicted considering simply that the diffusion coefficients obey an Arrhenius-type law [10].
Therefore, to shed light on this issue we have examined by SEM the sample fabricated at 1450 °C.
As can be observed in the micrograph of Fig. 4, the detailed SEM observations revealed that some
grain faces exhibit what appears to have been a liquid phase. We believe that this liquid is boria,
and that it is the responsible for the unexpected observation of the anomalously-high densification
at 1450 °C because the presence of liquid boria not only facilitates the grain sliding but also the
mass transport. This boria forms because the high-energy ball-milling was done in air and therefore
ZrB> can oxidize superficially during the milling itself, and also because the resulting ZrB> nano-
powder passivates spontaneously in contact with air [11]. The evolution of the vacuum level during
the SPS test at 1450 °C supports the presence of liquid boria deduced from the SEM observations.
Thus, the vacuum level did hardly change during the entire experiment (almost constant at ~ 3 Pa),
indicating that no detectable boria gas emission occurred at 1450 °C and therefore that boria

remained in liquid state. This scenario is however totally different from what occurred during the



SPS tests at higher temperatures for which gas release did was detected, with the vacuum level
temporary dropping a couple of Pa or more and then recovering again its initial level. Armed with
this information, it is reasonable to conclude that despite the SPS at 1450 °C eventually results in
near-complete densification, this low-temperature densification is not useful because the residual
boria will make the resulting ZrB> material to degrade in service when exposed to ultra-high-
temperature applications. Thus, 1625 °C continues to be a more optimal SPS temperature.

Since the pursued objective is the lower-temperature SPS of boria-free ZrB, UHTCs, the
next efforts will concentrate on the possible optimization of the SPS cycle between 1450 and 1625
°C. The SEM observations such as that shown in Fig. 5 for the UHTC processed at 1500 °C
indicate that the residual pores in the UHTCs fabricated with the simple SPS cycle have a near-
perfect spherical shape, thus suggesting that they originated due to the slow outward diffusion of
the boria gas occluded when the pore distribution transformed very rapidly from open porosity to
closed porosity in the presence of pressure?. In consequence, one possible manner of facilitating
the escape of the boria gas generated would be by applying a lower compaction pressure during
the heating ramp, to delay the collapse of the open pore structure so the gasses can leave the sample
more easily. To explore this possibility, we performed new experiments using the complex SPS
cycle described in the experimental section. Figure 6 shows the resulting densification curves as a
function of time for the ZrB> nano-powder obtained with the complex SPS cycle after 15 min of
soaking at 1500, 1550, 1600, and 1625 °C. Recall that the temperature of 1450 °C has been
excluded from further analysis due to the undesired presence of residual boria in the
microstructure. As can be observed in Fig. 6, these curves exhibit the same trend as before in Fig.
1, with the final degree of densification increasing with increasing target temperature. The
comparison between the densification curves obtained with the simple and complex SPS cycles is
however very interesting. It can be inferred that in all cases the densification is better during the
first moments (i.e., approximately the first 750 s) with the simple SPS cycle doubtless due to the
greater compaction pressure (75 vs 20 MPa), but that the ultimate densification is essentially the

same with both cycles (i.e, ~ 92.5% at 1500 °C, 96% at 1550 °C, 97% at 1600 °C, and 98% at

2 The solid-state sintering theory has established that the transformation from open porosity to closed porosity occurs
during the intermediate stage of sintering, which covers normally the interval of relative densities between 70 and
90% [12]. Thus, 90% densification represents typically the onset of the final stage of sintering, that is the sintering
regime where the closed porosity is eliminated [12]. In consequence, within the confines of the present study in what
follows 90% relative density will be taken as the moment of the collapse of the open pore structure.



1625 °C). One can thus conclude that the complex SPS cycle is not effective by itself in improving
the final degree of densification. Neither seems the complex SPS cycle to affect appreciably the
grain size, as deduced by comparing for example the SEM micrograph in Fig. 7 for the sample
fabricated with the complex cycle at 1625 °C with the corresponding one in Fig. 2B for the simple
SPS cycle. These observations indicate that the microstructure (i.e., porosity and grain size) is
dictated essentially by the high-pressure/high-temperature stretch. Nevertheless, the comparison
between the curves in Figs. 1 and 6 still deserves more attention. Clearly, it can be observed that
the shape of the densification curves at 1550, 1600 and 1625 °C is very similar for the two SPS
cycles, and that at these temperatures the use of the complex SPS cycle delays little the end of the
collapse of open pore structure (i.e., ~ 90, 30 and 20 s, respectively). Consistently with this
scenario, we measured at 1550, 1600 and 1625 °C only a marginal difference between the
evolution of the vacuum levels during the simple and complex SPS cycles. The densification
curves obtained at 1500 °C exhibit however a relevant variation in shape, as with the complex SPS
cycle the approximation towards the limiting value of ~ 92.5% is much more gradual. Indeed, the
open pore structure collapses much later, that is, ~ 500 s later. Interestingly, we did now noted at
1500 °C a relevant difference in the boria emission; in particular, with the complex SPS cycle not
only the gas emission peak was 2 Pa more intense and lasted for more time than with the simple
SPS cycle, but also reached at 1500 °C the same level than at 1625 °C with the simple SPS cycle
despite the temperature being 125 °C lower. Unfortunately, despite the better elimination of boria
gas at 1500 °C with the complex SPS cycle, the final degree densification reached is however still
moderate due to the insufficient diffusion at that temperature.

Taking all these analyses together into consideration, it seems very reasonable to
implement a two-step SPS cycle with a first step at 1500 °C for ~10 min under a moderate pressure
of 20 MPa to eliminate the boria impurities while densifying the compact up to ~ 90% relative
density with little coarsening, followed by a shorter second step at 1600 °C under higher pressure
of 75 MPa to promote the complete pore elimination. This expectation has indeed been confirmed
experimentally because, as shown in the densification curve of Fig. 8 and in the SEM micrograph
of Fig. 9, a fully dense ZrB, compact can be obtained with this two-step SPS cycle. Note that
although the here-proposed two-step cycle and the one used typically to process nano-ceramics
pursue the same objective of densification with little grain boundary migration, they are reversed

with respect to each other [13] because in the latter the powder is first heated at the high



temperature for a short period and then is rapidly cooled down to a lower temperature and
maintained there for a long period. This difference is because in the present case the major concern
is the elimination of the boria impurities, which requires of a “smooth” intermediate stage of
sintering, while in the case of the nano-ceramics the major concern is the inhibition of the grain
growth, which requires of a “smooth” final stage of sintering.

To put the results of the ZrB> nano-powder with 10-nm crystals results in perspective, the
above SPS data will be compared with those of the ZrB> powders with larger crystal sizes of ~ 25,
70, 160, 500, and 2000 nm. Given that the experimental observations indicate that the simple and
complex SPS cycles yield eventually the same degree of densification and similar microstructure,
the SPS experiments in the rest of ZrB> powders with larger crystal size will be carried out using
only the simple SPS cycle. Clearly, this is enough within the confines of the present comparative
study. Figure 10 compares the lowest-temperature densification curves for all these ZrB> powders,
when the condition of reaching at least 95% densification is imposed. Note that the elucidation of
these curves has required to conducting many SPS experiments at different temperatures for each
of these ZrB> powders as we did previously for the nano-powder with 10-nm crystals, although
these densification curves will not be presented for the sake of brevity. As can be observed, the
curves in Fig. 10 demonstrate clearly that the crystal size refinement progressively reduces the
SPS temperature of ZrB:, and also show that the reduction is only moderate with the refinement
to the ultra-fine range and however very marked with the refinement to the very nanoscale. Indeed,
since according to Fig. 1 the ZrB; nano-powder with 10 nm crystals reached 96% densification at
1550 °C, which is the densification reached by the as received powder at 2000°C (fig 10), it can
thus be concluded that the nanoscale crystal refinement reduced the SPS temperature by no less
than 450 °C. This is very relevant because this reduction is similar or even higher than those
previously achieved with the help of liquid-phase former sintering additives (for example with
MosSiz or with TaSi>) [2,3]. In addition, the oxygen contamination (which is known to promote
coarsening [2,3,14-16]) was not prevented here by any use of an inert atmosphere during the
milling, suggesting that there could be still room for further reductions in the sintering temperature,
but at the expense of making the comminution routine more tedious and costly.

Finally, the present study has interesting implications concerning the comminution practice
in the UHTC community. In particular, it emerges that the preparation of ZrB> powders with

unequalled sintering behaviour requires necessarily the use of high-energy ball-milling because



the typical wet attrition milling, which has been so far the gold-standard comminution treatment,
is a form of conventional milling that does not generate the high compressive stresses in the ball-
to-ball collisions needed for the refinement of the crystal sizes down to nanoscale. This, however,
does not rule out the use of attritors because it can also function as a high-energy ball-mill if
operated in dry under a high ball-to-powder ratio (> 40:1) and with a high peripheral speed of the
agitator (> 3 m/s). This would be another way of achieving the nanoscale crystal refinement needed

to make the lower-temperate sintering of ZrB; possible

4. Concluding remarks
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Figure Captions

Figure 1. Densification curves as a function of time for the ZrB> nano-powder with 10-nm crystals,
obtained with the simple SPS cycle for target temperatures of 1450, 1500, 1550, 1600, and 1625
°C. The closed points are data measured during the heating ramp up to the target temperature,

while the open points are data measured during the soaking.

Figure 2. SEM micrographs of the UHTCs fabricated from the ZrB> nano-powder with 10-nm
crystals using the simple SPS simple for 15 min at (A) 1450 °C and (B) 1625 °C.

Figure 3. Densification curve as a function of time for the ZrB2 nano-powder with 10-nm crystals,
obtained with the simple SPS cycle for a target temperature of 1450 °C. The closed points are data
measured during the heating ramp up to 1450 °C, while the open points are data measured during
the soaking at 1450 °C.

Figure 4. High-magnification SEM micrograph of the UHTC fabricated from the ZrB, nano-
powder with 10-nm crystals using the simple SPS cycle at 1450 °C for 30 min.

Figure 5. Low-magnification SEM micrograph of the UHTC fabricated from the ZrB> nano-
powder with 10-nm crystals using the simple SPS cycle at 1500 °C for 15 min.

Figure 6. Densification curves as a function of time for the ZrB2 nano-powder with 10-nm crystals,
obtained with the complex SPS cycle for target temperatures of 1500, 1550, 1600, and 1625 °C.
The closed points are data measured during the heating ramp up to the target temperature, while

the open points are data measured during the soaking.

Figure 7. SEM micrographs of the UHTCs fabricated from the ZrB, nano-powder with 10-nm
crystals with the complex SPS cycle at 1625 °C for 15 min.

Figure 8. Densification curves as a function of time for the ZrB> nano-powder with 10-nm crystals,

obtained with the two-step SPS cycle composed of a first complex SPS cycle with a target
temperature of 1500 °C, followed by a second simple SPS cycle with a target temperature of 1600
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°C. The closed points are data measured during the heating ramp up to the target temperatures,

while the open points are data measured during the corresponding soakings.

Figure 9. SEM micrographs of the UHTCs fabricated from the ZrB> nano-powder with 10-nm
crystals with the two-step SPS cycle at 1600 °C for 15 min.

Figure 10. Densification curves as a function of time for the ZrB; coarse, submicrometre, ultra-
fine, and nanometre powders, obtained with the simple SPS cycle at the lowest target temperatures
that resulted in final densification degrees greater than 95%. The closed points are data measured
during the heating ramp up to the corresponding target temperature, while the open points are data
measured during the soaking. The fact that the degree of densification at the onset of the SPS cycle
first increases and then decreases is simply because the powder's mechanical-packing density
scales inversely with the particle sizes, not with the crystal sizes, and the nano-crystals achieved

with the long-time high-energy ball-milling are actually agglomerated [6,8,9].

14



Relative Density (%)

100

95 -

90 -

85

80

75 1625 °C

. e © 1600 °C
| 4 4 1550°C

65 * % 1500 °C
1 A & 1450°C

60 : T ' T g T : T T T ' T T T :
1500 - 350 550 150 - 950 1150 1350 1556 1750

Sintering time (s)

V. Zamora et al.
Figure 1



V. Zamora et al.
Figure 2



Relative Density (%)

100

95 -
90-
85 |
80 |
75 -
70 -
65 ]

60

A 4~ 1450 °C

150

—
400 6

50 90

T R e F—, S L FR F— e S Feny,
0 1150 1400 1650 1900 2150 2400 2650

Sintering time (s)

V. Zamora et al.
Figure 3



V. Zamora et al.
Figure 4



V. Zamora et al.
Figure 5



Relative density (%)

100

95 -
90 -
85
80
L2 1625 °C
70_’ e o 1600 °C
i < 4 1550°C
65 - * % 1500 °C
60 T T T T T T T T ' T ) T T T Y
150 350 550  750. 950 1150 1350 1550 1950

Sintering time (s)

V. Zamora et al.
Figure 6



V. Zamora et al.
Figure 7



G

100

95 4

< 90 +
e_/ i
> 85
o 804 F
FO é“‘
5
= 5 5 * 1500 °C with 20 MPa
S 0 ® © 1600 °C with 75 MPa
M -
65 -

60

S ST PR P [, P P S v S— —
150 400 650 900 1150 1400 1650 1900 2150 2400

Sintering time (s)

V. Zamora et al.
Figure 8



V. Zamora et al.
Figure 9



Relative density(%)

100

95 -
90 -
85 -
80 -
75
70 -
65 -
60 -
55
50

A

4

10 nm; 1625 °C

o 25nm; /00 C

<4 4 70 nm; 1850 °C

* % 160 nm; 1875 °C

v v 500 nm; 2000 °C
2000 nm; 2000 °C

150

5 I : | ' | : | : | 2 | > | 2 | - I
350 550 750 950 1150 1350 1550 1750 1950

Sintering time (s)

V. Zamora et al.
Figure 10



