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ABSTRACT: Considerable research has been done in the past on expensive, <50 nm particle size 3 mol% yttria-stabilized zirconia
(3YSZ) using advanced sintering techniques. However, insights are still needed to reveal which factors among grain size and
porosity, when both are changing simultaneously, more strongly control the hardness of conventionally sintered, relatively coarse,
250 nm 3YSZ powder, which can be used to make large industrial engineering ceramic parts at a lower cost. This investigation
showed that elevating the sintering temperature from 1500 <C to 1650 <C increased the Rockwell hardness from 49.4 HRA to 86.0
HRA, which was concomitant with an increase in grain size and bulk density. A pseudo-inverse Hall-Petch relationship between
hardness and grain size was observed given by H (in HRA) = 153.1 — 69.2/,/ (grain size) with a somewhat low R? of 0.95, which
was mainly due to the porosity being an additional important variable. Compared to grain size, the impact of open pore fraction (P)
on hardness was stronger, inferred from a higher R? of 0.99 while fitting the data into the well-known exponential decay equation,
H =92.9 exp(—11.1P). Finally, it was observed that the 3YSZ conventionally sintered at 1650 <C for 2 h had 0.8% open porosity,
6.08 g/cm?® bulk density, 960 nm grain size and consisted of only tetragonal ZrO,.
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1. Introduction

Yttria-stabilized zirconia (YSZ) is a well-known engineering ceramic material with various strategic applications
[1-3]. 3 mol% Y03 stabilized ZrO, (3YSZ), containing ~5.2 wt% Y03 [4], is used as grinding media and industrial
valve guides [2] due to its high hardness, fracture toughness (9 MPay/m) and flexural strength. 3YSZ can be processed
to nearly zero porosity consisting of only fine grains of tetragonal zirconia phase (no other polymorphs), called
tetragonal zirconia polycrystal (TZP) having bending strengths of up to 1200 MPa, with 210 GPa elastic modulus and
10 MPay/m fracture toughness. Due to these exceptional mechanical properties and bio-compatibility, 3YSZ is used as
an implant to replace damaged bones [5] and teeth [6]. The low thermal conductivity (2.3 W/mK at 1000 <C), high
thermal expansion coefficient (~11 x10¢ K™!) and stability of the t’-phase makes 4-4.5YSZ (7-8 wt% Y>0Os) an efficient
thermal barrier coating (TBC) for aircraft turbine engines [7]. 8YSZ, composed mostly of the cubic phase, is used in
solid oxide fuel cells (SOFC) due to its high ionic conductivity [8]. Balancing ionic conductivity and mechanical
stability, 4-5YSZ, containing 65-75% cubic phase, is utilized in automotive gas sensors [9].

Although fully dense YSZ has major engineering ceramic applications, porous YSZ is also valuable and is utilized
as ceramic filters, catalyst support, SOFC electrolyte and TBC [10]. For a given YSZ composition, the porosity and
proportions of tetragonal and cubic phases can be controlled effectively by altering its thermal processing regime. The
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densification of YSZ has been extensively studied in the past. Apart from conventional sintering, advanced techniques
such as two-step sintering [11,12], flash sintering [13] and spark plasma sintering (SPS) have been successfully applied
[2,14]. Although it is easy to start with a very fine, nanometer-sized powder and fully densify the pressed compact at a
lower temperature through conventional sintering, the energy savings may be offset by the high cost of raw materials
for certain industries. For instance, using conventional ramp and hold sintering, pressed pellets of 10 nm 1.5YSZ powder
were densified to 99% theoretical density upon firing at 1100 <C for 2 h (5 K/min ramp rate) [2], whereas 75 nm 3YSZ
attained 98.8% density after sintering at 1500 <C for 1 min [12]. Flash sintering, a rapid process that occurs within
seconds, is often limited to small samples and can result in heterogeneous densification and microstructure [15]. The
challenge with the SPS process is that it’s furnace needs much higher investment than a regular sintering furnace. Fast
firing (500 K/min) which has densified 13 nm 3YSZ at 1200 <C in 1 min to 99.2% density with 90 nm grain size [2],
may cause thermal shock cracking when subjected to large industrial ceramic parts. Apart from engineering ceramics,
zirconia is commonly used in refractories to up to 40 wt% concentration [16-18] as it imparts high-temperature strength
and resistance to erosion and corrosion by molten metal and slag. The ramp rate during the firing of such large refractory
bricks or nozzles is limited to ~2 K/min [17] to avoid thermal shock. YSZ has low thermal conductivity and a higher
thermal expansion coefficient than common refractory oxides like alumina or spinel, so it is even more susceptible to
thermal shock. This is because a high thermal shock resistance can be achieved by a high thermal conductivity and a
low thermal expansion [17,19].

As many ceramic manufacturing industries need low-cost raw materials [20] and conventional slow sintering, this
article used relatively coarse YSZ powder was used, and its densification was studied up to a high temperature
correlating it with grain growth and hardness. Hardness is an important parameter, well-correlated with strength, and is
important for YSZ’s application as grinding media and industrial valves [2,4,21]. This research is also relevant to
manufacturing MgO/Y,0; stabilized ZrO, refractory tundish nozzles and slide gate plate inserts containing 94-97%
ZrO; that are fired at temperatures around 1600 <C [22,23]. This study is aimed to reveal whether grain size or porosity
has a stronger influence on hardness when both are changing simultaneously. The green binder dosage and the
uniaxial pressing procedure were methodically optimized. Phase composition, microstructure and sintering shrinkage
were also analyzed.

2. Materials and Methods

3YSZ powder of average particle size 0.25 pm was received from the Defense Research and Development
Laboratory, Hyderabad, India. It was analyzed by powder X-ray diffraction (XRD, Miniflex Il, Desktop X-ray
diffractometer, Rigaku Corporation, Tokyo, Japan) operated over a 26 range 10-80 °with a step size of 0.02< The raw
XRD intensity was converted to the percentage of the maximum intensity (called relative intensity). Then, it was plotted
in Origin Pro 2022b software, and a detailed peak list was prepared in Microsoft Excel [24]. Figure 1 shows that
tetragonal zirconia (International Center for Diffraction Data Powder Diffraction Files, ICDD PDF 00-050-1089) was
the major phase along with some cubic polymorph (ICDD PDF 00-049-1642). The tallest peak of the YSZ powder at
30.28°was closer to tetragonal ZrO; (30.27<) than cubic ZrO, (30.12). A peak was considered to be matched when the
difference in 26 of the ICDD PDF from the sample was less than #0.20<and all these peak position differences for each
matched phase were within 0.20 °of each other. The peak at 74.28 °could not be identified. Monoclinic ZrO, (ICDD
PDF 00-037-1484) was absent as the 100% intensity peak of it at 28.175“was not found.

Analytical reagent-grade polyvinyl alcohol (PVA) was used as a green binder to press the YSZ powder. To 100 g
deionized water at 85 <C, 4 g PVA granules were added and stirred for 3-4 h to obtain a 4% concentration viscous
binder solution. In an agate mortar and pestle, the YSZ powder was taken, and 1, 3, 5, 7 and 9 wt% PVA solutions were
added. Each separate powder batch was mixed thoroughly and passed 3 times through a 500 Lm sieve to obtain moist
granules. Following this, they were uniaxially pressed into discs of diameter 15 mm and thickness 0.8 mm at different
forming pressures. Green density was then calculated from the weight and dimension and investigated as a function of
PVA addition, pressure and dwell time at maximum pressure. After optimizing the pressing conditions, several pellets
with a thickness of 4 mm were prepared and subsequently dried at 110 <C for 24 h. Following this, they were sintered
in an air atmosphere inside an electrically heated tube furnace (Electroheat, Naskar and Co., Kolkata, India) at
temperatures of 1500 <C, 1550 <C, 1600 <C and 1650 <C with a 2 h dwell time. A constant heating and cooling rate of
5 K/min was applied for this process. Linear firing shrinkage was measured from the change in diameter before and
after sintering. The bulk density and apparent porosity of sintered pellets were measured by Archimedes technique in
boiling water per ASTM C20-00 standard [25]. The phase composition of the samples crushed in an agate mortar and
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pestle was studied using XRD. The microstructure of the fracture surface after sputter coating with gold was studied
using a scanning electron microscope (SEM, FEI Inspect S50, Amal, Sweden). The average grain sizes were measured
using ImageJ software. Finally, Rockwell hardness (SRI RAS PC, Shri Ram Industries, Maharashtra, India) was
measured at 588 N load with a diamond indenter.
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Figure 1. XRD pattern of as received 3YSZ powder.

3. Results and Discussion
3.1. Green Compaction Behavior

Defect-free, dense pressed pellets are crucial to obtain consistent, low-porosity fired ceramics. Figure 2 shows that
increasing the PVA content and applying a higher forming pressure increase the green density, consistent with findings
from other studies on YSZ [2]. This type of compaction study is often done in the industry whenever a new raw material
supplier is used. This is because differences in the starting powder particle size, morphology or processing history can
create major variations in the compaction behavior. It was observed that the green densities of pellets with 1%, 3%, 5%,
7%, and 9% PVA, pressed at 261 MPa, were 2.70, 2.76, 2.80, 2.92, and 2.95 g/cm3respectively. The major phase in
the YSZ powder was tetragonal zirconia, which had a theoretical density of 6.13 g/cm?® (ICDD PDF 00-050-1089). This
implied that the green density increased from 44% to 48% upon pressing at 261 MPa when the PVVA addition was raised
from 1% to 9%. The powder containing 1% PVA was too dry, which is expected as zirconia lacks plasticity (unlike
clays), and consequently, the pressed pellet delaminated beyond 261 MPa. This indicated that it had inadequate
workability and insufficient green strength. From 5% PVA onwards, an additional trend of flattening of the green
density curve with pressure was observed when 305-392 MPa was reached. Excessively high forming pressure provides
better compaction but, to the detriment, undergoes more springback. This typically makes green bodies more susceptible
to delamination, which becomes prominently visible after firing. Compared to 5% PVA added pellets, the green density
with 7% PVA was significantly higher, but 9% PVA did not bring much improvement till 218 MPa forming pressure.
Although the addition of green binder gradually enhanced compaction, its burnout during sintering could lead to
excessive porosity, potentially reducing mechanical properties such as hardness [17,26,27]. As such, the moderate PVA
addition level of 5% was selected, and the dwell time at a maximum pressure of 392 MPa was increased from 20 sto 1
min, which increased the green density from 2.84 g/cm?® to 2.89 g/cm?®. The final pressing regime for preparing 15 mm
diameter and 4 mm thick pellets was loading up to 110 MPa, dwelling for 10 s to de-air, increasing pressure up to 392
MPa and dwelling for 60 s, followed by release.

3.2. Densification

YSZ is known to have high sinterability due to its high oxygen vacancy concentration caused by the substitution
of Zr** ions by Y3 ions, as oxygen is the slowest diffusing species in the crystal structure [21]. This is also observed
when a low valency ion substitutes a high valency ion in other oxide ceramics, like MgO-rich MgAl,Q4, where Mg?*
substitutes AI** producing oxygen vacancies that accelerate sintering [28]. A high % linear firing shrinkage (Figure 3a)
of 22.2% was observed in 3YSZ when fired at 1500 <T with a 2 h dwell time. Shrinkage increased steadily to 24.4%
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after firing at 1650 <C for 2 h, indicating that densification was active throughout. Bulk density (Figure 3b) increased
rapidly from 5.61 g/cm? at 1500 <T to 5.98 g/cm? at 1600 <TC, following which it slowly increased to 6.08 g/cm? upon
heating at 1650 <C for 2 h, suggesting it had approached final stage sintering. Compared to the theoretical density of
tetragonal ZrO; (6.13 g/cmq), this would mean a 99.2% density. Inversely related to bulk density, open porosity reduced
from 5.9% after firing at 1500 <C to 0.8% after sintering at 1650 <C for 2 h. Closed porosity, obtained by 100 —
(density %) — (open porosity %), was hardly present at that high temperature. These results are reasonably close to the
99.7% density reported for commercial 3YSZ conventionally sintered at 1600 <C for 2 h [29].
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Figure 2. Influence of PVA content and forming pressure on the green density of 250 nm 3YSZ powder at 20 s dwell time. For the
optimum PVA content (5%), the effect of increasing dwell time was also studied.
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Figure 3. (a) Diametral firing shrinkage and (b) bulk density and apparent porosity of 3YSZ at different sintering temperatures,
each with 2 h dwell time.

3.3. Phase Evolution

The secondary cubic ZrO, phase detected in the starting YSZ powder (Figure 1) was seen to disappear upon firing
at 1500 <C for 2 h (Figure 4a), forming a desirable, single-phase tetragonal ZrO, product. TZP are prized for their high
fracture toughness, hardness and strength [2,5,6,21]. The (011) peak of the tetragonal ZrO; phase in the sintered material
was at a higher angle (30.48<260) than the raw YSZ powder (30.28) and the ICDD PDF (30.279, indicating a
contraction of the unit cell per Bragg’s law [30]. An unidentified peak of 4.3% relative intensity (after subtracting its
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immediate baseline noise) remained at 73.28< It should be noted that grinding in an agate mortar for powder XRD
sample preparation can partially reduce the stabilization of zirconia [31,32]. However, all four sintered samples were
ground in the same manner. The phase composition of the sintered YSZ remained the same for firing temperatures up
to 1650 T (Figure 4b—d), but the relative intensities of the (112) peak at ~50.5 <first increased from 1500 <T to 1550 C
(56.5% to 67.4%) and then gradually reduced after that at 1650 <C (58.8%). Moreover, the (020) peak at ~50.8 “was
only observed after sintering at 1550 <C and 1650 <C. These two observations suggest that changes in crystal structure
may have occurred due to the different sintering temperatures, possibly induced by thermal strain. The monoclinic phase
was confirmed to be absent as the 100% intensity peak at 28.175“was not detected in any of the sintered samples. The
small unidentified peak at ~73.2 °found in the 1500 <T sintered YSZ was also present at 1550 <C and 1600 <. Apart
from these, a small unindexed peak at 28.54 “was found after firing at 1550 <C, an unknown peak at 31.6 “was observed
after heating at 1600 <C, and the 1650 <C sintered sample had two tiny unidentified peaks at 35.02<and 49.62< Some
of these unindexed peaks were close to cubic ZrO,, but this could not be confirmed due to the absence of the major (111)
peak at 30.12< This may be because the conversion of the tetragonal phase was not fully completed. Finally, a steady
shift of the (011) peak of the tetragonal phase was observed when the firing temperature was increased from 1500 <C,
1550 <€, 1600 <C and to 1650 <T (30.48< 30.48< 30.42<and 30.38). This suggested an expansion of the unit cell,
which may be caused by the incorporation of more yttria from the cubic phase in the starting material into the tetragonal
phase at higher sintering temperatures as the ionic radii of Y** (0.90 A) for an octahedral site is larger than Zr** (0.72 A) [33].
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Figure 4. Powder XRD pattern of 3YSZ pellets sintered at (a) 1500 <C, (b) 1550 <C, (c) 1600 <C and (d) 1650 <C for 2 h.

3.4. Microstructure

Fracture surfaces are generally preferred over polished surfaces for grain size measurement. The secondary electron
image of the fracture surface of YSZ sintered at 1500 T shows uniformly sized, spherical grains with an average size
of 0.44 pm (Figure 5a). This is nearly twice the size of the starting powder (0.25 pm). Some amount of porosity could
also be seen. The extensively reported nano-sized [31,34], lenticular- shaped morphology [34] of tetragonal ZrO; grains
was not observed in this work, possibly due to using a coarser starting powder. Increasing the sintering temperature
produced a denser microstructure (Figure 5b—d) with an increase in grain size from 0.57 pm (1550 <C), 0.76 pm
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(1600 <C) to 0.96 pm (1650 <T). The grain growth in this article was not very high (not like tens of microns), and a
similar grain size was reported by another study [35]. The dense microstructure of Figure 5d correlates well with the
low open porosity of 0.8% in Figure 3b.

3.5. Hardness

Figure 6a shows the steady grain growth of YSZ with increasing sintering temperature. Rockwell hardness
expressed as scale A values was found to increase rapidly from 49 HRA upon firing at 1500 <C to 62 HRA at 1550 <C,
then gradually rose to 69 HRA at 1600 <TC and finally improved to 86 HRA at 1650 <C. Similarly, Vickers hardness has
been reported to increase with rising sintering temperatures as long as densification continues, after which it tends to
drop [36,37]. As higher sintering temperature increased both grain size and hardness simultaneously, it could be
mistakenly inferred that hardness was directly proportional to the grain size. This would be in contradiction to the Hall-
Petch relation [37,38] given in Equation (1), where H is the hardness, Hy is the hardness at zero porosity (fully dense
material), k is a constant and d is the average grain size.

Kk
7 1)

The Hall-Petch regime, which means a material becomes harder when the grain size is smaller, has been observed
not only in metals but also in oxide ceramics like Al,O3, MgO and MgAl.O, [39], especially below 1 pm grain size
[40]. In fact, it has been observed that 3YSZ follows the Hall-Petch relation for grain sizes > 120 nm [37], but at finer
sizes the inverse Hall-Petch relationship is observed, wherein the hardness linearly drops with (grain size)®°. The
breakdown of the Hall-Petch effect at very small grain sizes has been attributed to a change in the deformation
mechanism, as reported for 10YSZ when the grain size dropped below 21 nm [40]. The pseudo-inverse Hall-Petch
relationship observed in the 3YSZ samples in Figure 6b is unlikely to be real, as the grain sizes are much coarser (437—
964 nm) than those reported in the literature. Moreover, the Hall-Petch relationship should be ascertained only for fully
dense samples or at least specimens with the same density, although, this is rarely pointed out in publications. It is
possible to draw misleading Hall-Petch equation related conclusions from just a plot of hardness and the inverse square
root of grain size without delving deeper into the differences in the porosity of the samples. The main intention of this
section is to point that out. The deficiency of the pseudo inverse Hall-Petch effect in this study can be seen in the slightly
low fitting quality given by a coefficient of determination (COD) or R-squared value of 0.95. The hardness at zero
porosity was found to be 153.1 HRA, while the constant, k, was —69.2 HRA/um. It must be mentioned that care must
be taken while comparing values of the Hall-Petch constants between literature due to the differences in the units of
hardness (HRA vs. GPa) and grain size (m vs. nm).

The inverse Hall-Petch effect observed in Figure 6b is a false or pseudo-effect, as another crucial variable—
porosity—is also changing alongside grain size. The dominant effect of porosity on hardness is presented in Figure 7,
where the well-known exponential decay of hardness per Equation (2) is observed. Here H, is the hardness of fully
dense material, b is a pre-exponential constant and P is the total pore fraction [27].

H= Hge PP 2

H=Hp +

The higher quality of fitting of the exponential decay equation (R? of 0.99) as compared to the pseudo inverse Hall-
Petch regime (R? of 0.95) indicates that porosity is stronger as a controlling parameter of hardness than grain size.
Figure 7 indicates that the measured hardness varies as H = 92.9 exp(—11.1P). McColm [41] mentioned that compared
to regular, phase-stable ceramics that exhibit a constant “b” of 7, partially stabilized zirconia, due to its transformation
toughening behavior has a higher dependence of Vickers hardness on porosity, expressed by H = 12.27 exp(—8P). The
H, and b constants are not necessarily very different between the current article and McColm’s work, as the Rockwell
hardness scale A values are quite different than Vickers hardness values. Even with Vickers hardness data, Stevens and
Luo [27] had observed different constants (especially the pre-exponential term b) than McColm [41] as H = 11.76
exp(—5.03P). Because the fitting quality (R?) of the pseudo inverse Hall-Petch analysis in this study was lower, and as
the former had an inverse square root relation while the hardness and porosity are linked with an exponential decay
equation, it can be deduced that porosity has a more dominant effect on hardness of 3YSZ than grain size.
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Figure 5. Secondary electron microstructures of the fracture surfaces of 3YSZ after sintering at (a) 1500 <C, (b) 1550 <TC, (c)

1600 <C and (d) 1650 T for 2 h.
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4, Conclusions

Uniaxial pressing of relatively coarse 250 nm 3YSZ powder with 4% concentration PVA solution addition in the
range 1-9% revealed that 5% PVA addition with 392 MPa forming pressure with a 1 min dwell time provides an
optimum green density of 2.89 g/cm?®. Increasing the sintering temperature from 1500 <C to 1650 <C reduced the open
porosity from 5.9% to 0.8%. Firing at 1650 <C for 2 h resulted in a dense 3YSZ with a bulk density of 6.08 g/cm?, 24.4%
firing shrinkage, single phase tetragonal ZrO. and a microstructure consisting of spherical grains of average size 0.96
. Higher sintering temperatures simultaneously increased Rockwell hardness, grain size and bulk density. A pseudo-
inverse Hall-Petch relationship between hardness and grain size was observed, primarily due to the simultaneous
variation in porosity. In fact, it was subsequently revealed that porosity had a more dominant effect on hardness than
grain size, given by the exponential decay equation, H (in HRA) = 92.9 exp(—11.1P), where P is the open porosity fraction.
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