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1 | INTRODUCTION

| Joao B. Rodrigues Neto'? | Feng Lin® | Ricardo H. R. Castro’

Abstract

An increase in hardness with reducing grain sizes is commonly observed in oxide
ceramics in particular for grain sizes below 100 nm. The inverse behavior, meaning
a decrease in hardness below a critically small grain size, may also exist consistently
with observations in metal alloys, but the causing mechanisms in ceramics are still
under debate. Here we report direct thermodynamic data on grain boundary energies
as a function of grain size that suggest that the inverse relation is intimately related
to a size-induced increase in the excess energies. Microcalorimetry combined with
nano and microstructural analyses reveal an increase in grain boundary excess en-
ergy in yttria-stabilized zirconia (10YSZ) when grain sizes are below 36 nm. The
onset of the energy increase coincides with the observed decrease in Vickers inden-
tation hardness. Since grain boundary energy is an excess energy related to bound-
ary strength/stability, the results suggest that softening is driven by the activation of
grain boundary mediated processes facilitated by the relatively weakened boundaries
at the ultra-fine nanoscale which ultimately induce the formation of an energy dis-

sipating subsurface crack network during indentation.
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in metal alloys with load accommodation by grain boundary
sliding and other grain boundary mediated diffusion process

The strong resistance to plastic deformation in most ceramic
materials originates from the character of the chemical bonds
and the limited density of dislocation slip planes which do not
allow for appreciable nucleation and mobility of dislocations
under normal conditions.! Grain size refinement, with the re-
sulting expansion of the grain boundary network, may act as
an additional effective barrier for dislocations, further reducing
plasticity and increasing hardness—often referred to as Hall-
Petch relation.” In ceramics, this behavior is more pronounced
when grain sizes are below 100 nm, but as grain sizes are further
reduced, several studies also report, instead, the existence of an
inverse relation as grains are refined below a critical size. >
Although still being topic of discussion in the literature, this
so-called inverse Hall-Petch relationship has been associated

only activated for very small grain sizes.” While this seems
to be the effective mechanism in metal alloys, in ceramics the
inverse relation has been also attributed to the increase in the
fraction of tiple junctions that allow for a change in energy dis-
sipation and fracture behavior.” This result implies the inverse
relation is not a diffusion-based process but rather related to
the activation of new energy dissipation modes.

When the grain size in a dense material is reduced to the
nanoscale, geometrical constrains may significantly affect the
structural nature of the grain-grain interfaces due to a large
population of triple junctions and high density of kinks—all
potentially increasing the excess energy of the grain bound-
ary. Therefore, as the grain size is reduced, the value of the
specific grain boundary energy may be increased due to the
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increased triple joint population and the fact that the ratio of
grain boundary to corner area is closer to unity. Moreover, it
has been extensively reported that the grain boundary energy
is expected to be lower for larger grained materials simply as
a result of the change in grain boundary orientation popula-
tion.'!" As the grains grow, the density of high energy grain
boundaries decreases since these have higher driving force
for movement, leaving an increased population of the more
stable low energy grain boundaries in large-grained samples.
Such changes shall lead to higher energy boundaries at the
nanoscale, which could translate into reduced strength (or
toughness, or stability), since the strength of boundaries has
been directly related to its energy in previous works, either
considering its chemistry12 or the orientation of boundaries."

The connection between grain boundary stability and in-
verse Hall-Petch has been reported by Hu et al for Ni-Mo al-
loys.” In principle, as the grain boundaries show low stability
against plastic straining, the deformation mechanisms in this
alloy shift from dislocation slip to grain boundary-mediated
processes, leading to the observed decay in hardness. On the
other hand, in nanocrystalline alloys with inherent high grain
boundary stability (low grain boundary energy), grain bound-
ary-mediated processes are inhibited, resulting in substantial
hardening with a postponed inverse Hall-Petch relation.

In this work, we explored the grain boundary energy de-
pendence on grain size at the nanoscale utilizing yttria-stabi-
lized cubic zirconia (10YSZ) as a model ceramic system. To
achieve this, fully dense 10YSZ pellets with different grain
sizes were produced using high pressure spark plasma sinter-
ing (HP-SPS) and varying the processing conditions. Direct
calorimetric measurements of grain boundary energies were
performed and correlated with Vickers hardness measured
in each individual sample. Grain boundary energy increase
(weakening) is observed at the onset point of the inverse
Hall-Petch relation. By studying cross sections of the hard-
ness indentations produced by focused ion beam, it is sug-
gested that such size-induced softening is related to a load
accommodation by subsurface branched fracture, consistent
with Ryou et al who proposed the activation of novel energy
dissipation mechanisms below critical sizes.’

2 | EXPERIMENTAL PROCEDURES
2.1 | Synthesis of nanocrystalline 10YSZ
powder

Nanocrystalline powders of yttria-stabilized zirconia were
synthesized through the reverse precipitation route.'*!
The starting reagents, zirconium oxynitrate hydrate (Sigma
Aldrich, 99%) and yttrium nitrate hexahydrate (Alfa
Aesar, 99.9%), were dissolved in deionized water to form
a 0.75 mol/L aqueous solution. The obtained liquid was

gradually dripped into high excess of 5 mol/L ammonia solu-
tion. A magnetic stir bar was placed into the ammonia beaker
to ensure a strong basic environment for each droplet of the
nitrates. The direct contact between two liquids initiated the
reaction between ammonium hydroxide and nitrate salts
which resulted on the precipitation of Zr-Y hydroxide nuclei.
The obtained hydroxide precursor was then separated from
the excess ammonia by centrifuging in plastic bottles and
washed by additional centrifuging with ethanol three times.
The resulting slurry was kept in a drying oven at 80°C for
48 hours. After drying, the chunks of the hydroxide precursor
were crushed in a mortar and calcined at 450°C in ambient air
for 2 hours for the formation of oxide nanoparticles of ZrO,
with 10 mol% Y,0; (10YSZ).

2.2 | Spark plasma sintering of
nanocrystalline YSZ powders

The obtained nanopowders of yttria-stabilized zirconia
were degassed at 400°C for 16 hours in Smart VacPrep
(Micromeretics) and transferred to a glove box filled with dry
nitrogen to keep moisture away from the surface of the nano-
particles. For high pressure spark plasma sintering (HP-SPS)
experiments, the powder was loaded into the inner cylindrical
die with 4mm in diameter made of Versimax™ (Hyperion
Materials & Technologies, Sandvik) which is a composite of
diamond and silicon carbide. The plungers of the same ma-
terial were placed on the top and on the bottom of the inner
die in order to transfer the load. The resulting assembly was
placed into the outer graphite die to ensure a sufficient elec-
trical conductivity.

The sintering was performed in a SPS apparatus 825S
(SPS Syntex Inc) under medium vacuum conditions (about
1072 Torr). The maximum temperature and pressure were
varied in the range of 920°C-1070°C and 800-2100 MPa,
respectively, to produce fully dense samples with different
grain sizes. There was no isothermal hold at the maximum
temperature, so that densification was happening only during
the thermal ramp. After HP-SPS, all samples were reoxidized
and strain-relaxed for 1 hour at 150°C below the maximum
sintering temperature. In total, two similar sets of samples
were produced to analyze the evolution of thermodynamic
and mechanical properties as a function of grain size.

2.3 | Measurements of excess grain
boundary energy

The sintered ceramic pellets were subjected to Differential
Scanning microCalorimetry (DSC)'¢ using a Netzsch DSC404
Pegasus (Netzsch GmbH) in order to assess the thermodynamic
properties of grain boundaries. The samples with different grain
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sizes were heated up in argon at 20°C/min up to a maximum
temperature of about 1100°C-1300°C with subsequent 10 min-
utes of isotherm to activate grain growth. The observed heat
signals were normalized by the change in grain boundary area
in order to calculate the grain boundary energy, as described
in validated protocols..ls"18 Noteworthy, when determining the
excess energy from those DSC protocols, the total excess heat
measured in the calorimeter is attributed exclusively to the ac-
tual change in grain boundary area. However, the excess energy
can and will include other defects, for instance, triple junctions
and vacancies that are also being removed during annealing.
That said, the relative area and amount of such defects is much
smaller than the contribution of interfaces themselves. The
initial and final grains sizes, ie, before and after the heat re-
lease, were analyzed by Scanning Electron Microscopy (SEM)
on a FEI Nova NanoSEM430 (Thermo Fisher Scientific) and
by X-ray Powder Diffraction (XRD) on a Bruker-AXS D8
Advance Diffractometer (Bruker Inc). In total, about 400-700
grains imaged in different areas were used to calculate the aver-
age grain size of each of the samples.

2.4 | Measurements of Vickers hardness

The obtained samples of sintered 10YSZ were polished down
to 100 nm diamond paste to ensure flat smooth surfaces. The
indentations were performed with a Vickers pyramid on a
Mitutoyo HM-220A (Mitutoyo Corporation) using 20, 40 and
60 g of load (gf). The resulting hardness impressions were
imaged using SEM on a FEI Nova NanoSEM430 (Thermo
Fisher Scientific). About 12-16 indentations, without any
spallation, were imaged under SEM for each of the loads ex-
erted onto the samples with different grain sizes (about 300
SEM images). It is important to note that spallations would
result in reduction in the measured hardness, as reported by
Ryou et al.’ This work focused on spallation free indentation.

2.5 | Microscopy

To investigate the mechanisms of deformation during in-
dentation experiments, sectioning of some indents was ac-
complished on a Scios DualBeam SEM/FIB (Thermo Fisher
Scientific). At first, a 1 micron-thick tungsten coating was
deposited onto the indents to protect the area of interest from
the ion beam damage. Thereafter, a gradual removal of the
material was performed by the Ga-ion beam with 30 kV of
accelerating voltage and 5 nA of current. Furthermore, mi-
cropillar samples with thinned central regions were prepared
for in situ transmission electron microscopy (TEM) based
mechanical testing. A central region of the micropillar with
about 1.5 pm was thinned down to thickness below 100 nm
to enable observation of the cracks with respect to the grains.
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The thinning was performed using sequential milling with
Ga* focused ion beam culminating with 7.7 nA at 30 kV.
Previous studies on the effect of FIB conditions in stabilized
zirconia have shown that 30 kV at such relatively low cur-
rents effectively leads to negligible damage,]9 what can be
attributed to the inherent high resistance of zirconia to ion
irradiation damage at the used energy level 22!

Cracks were induced in situ by compression loading at the
thinned area using a flat diamond punch with 1 um in diame-
ter displaced at a constant rate of 0.1 nm s~ (Hysitron PI-95
Picoindenter). In-situ imaging was obtained during loading
in a JEOL 2100 Cryo TEM (although the cryogenic function
was not utilized). The picoindenter dimension is smaller than
the total thinned area, guaranteeing all load is transferred to
the <100 nm zone. Cracks were observed to initiate at the
bottom of the indenter, where the maximum stress is being
applied and consistent with micro-indentation experiments.

3 | RESULTS AND DISCUSSION

3.1 | Nanocrystalline ceramics preparation

The average grain sizes for the produced samples and the cor-
responding heating and loading conditions used in SPS are
shown in Table 1. All reported conditions resulted in relative
density above 99.9% (as measured by Archimedes method fol-
lowing ASTM B311-13 standard) and other conditions that
did not lead to similar levels of densification are not shown.
The table reports the whole sintering profile with the respec-
tive grain size, including temperature ramping, pressure in-
crease rate and final temperature. No holding time was utilized
and the equipment was shut down when the maximum listed
temperature and pressure were reached (bold text in the Table
1). The sintering profiles are the result of extensive empirical
tests, and the obtained values of grain sizes were purposely tar-
geted to ensure a spread of the data points. One can observe
that the sintering profile allowed for a refined control over the
final grain size by means of varying pressure and temperature,
and grain sizes ranging from 16 to 48 nm were obtained. The
smallest grain sizes required excessively high pressures, up
to 2.1 GPa, with the decreasing pressure and pressure hold-
ing time being associated with enlarged grain sizes. The larg-
est grain size was produced at about 800 MPa. The additional
specimen for mechanical testing with the grain size of about
100 nm was produced by annealing of the 48 nm sample at
1200°C for 15 minutes to trigger some limited grain growth.

3.2 | Thermodynamic measurements

The set of samples listed on the top of Table 1 were used to meas-
ure the grain boundary energy of 10YSZ by microcalorimetry.



BOKOV ET AL.

American Ceramic Society

the

-

RO

Je BJJAl 00LT
e ¢l

e BJJAl 00LT

W e 1
38 BJIN 0061

e (€11
e BJIAL 001C

unre, gl
e BJIAL 00LT

LIl
e BJIN 0061

WL (S]]
Je BJJAl 001¢

u ¢t

e BdIA 0SCTT
UL

e BJIN OSP 1
urues 11

e BdIN OSP1
urr o4 11

Je BJIN 0091

U ¢4 1
e BN 08T1
w11
e BJIN 0SP1

LI e {1l
e BJIN 0091

Surroyurs ewserd yreds ur pasn soqrjord Surpeo] pue Surjeay Surpuodsariod pue ZS X[ Jo sojdwes peonpoid ay) J0J S9zZIS uresd a3eIoAe oy ],

U &4 11

e BdIA 0001
u g 11

e BJIN 0501
LLICCONNT!

e BJIN OSTIT
urw

e BdIN OSTI

et e ()11
Je BdIN 00€ 1

U a4 11

e BJIN 0SO1
utr g

e BJIN OST1

Wi ()1
Je BJIN 00€ 1

unres 1
e edIA 008
urur 1

1B BJIN 0L8
urr 1

e BdIN 0L8
UL

e BJIN 0L8
ur o

e BdIN 0L8
uru z4 6

e BJIN 0L8

UTur 7

e BJIN 0L8
uw Qo

e BJIN 0L8
WL )

Je BJIN 0L8

unre; 01
Je BJIN OEy

urr o1

Je edIN 0¢
urof

e edIN O¢Y
un 6

Je edIN O¢Y
urw 6

je edIN Ot
uru 74 §

e edIN O€Y

urw o7
1® BdIN 0E
uru g

1 BN O€h
unw 4 8

1 BN OSh

Ulur 6 ur 5,056 03

urur 8 ur 5,006 03

urur g ur 5,018 03

e /7wy (0114, @

urr £ ur 3,00L 01

urur / ur 5,099 01

*91945 3uissaooid oy SuLmp payoear ainssaid pue arnjerodwd) (wnwirxewr) [eury oy syuasaidar pjog

wugeF LLy

wu €7 F €9¢

wu 9+ ¢LT

wugp+41e

wuQ'rF 6l

wu 60 F 891

Sunse) [eorueyodw 10y sofdwes ZS X0 1

Ut g ur 5,08 01

uiu 2 urt 5,00, 01

e /7, e )(0159) @l

wu ¢ F L°6T

wu 'rF1°0C

wu 60+ T91

AIJOWILIO[EBI0IOTW FUTUURDS [eNUAIJJIP J0J sojdwes ZS X0

ulu g4 6

Je edIN 0CI U g ur o011 01
un 6

Je edIN OCI U 6 ur 95,0601 2
un 6

Je edIN OCI U O ut 5,0%01 02
un g

Je BdIN OCI U O ut 5,0L6 0
unw g

Je BdIN OCI U Q1 ur5,096 01
LIy

Je edIN 0TI Ul [T Ut 5,576 01
uru 6

Je edIN 0CI U O Ut 5,0€01 02
unu g

e edIN OCI urr Q1 ur 5,596 01
IR e

e edIN OCI U [7.4r3,0¢6 0}

d[yoad Suipeo|

Jyoad Suneay

IZIS UreI)

T H'T1dV.L



BOKOV ET AL.

TABLE 2 List of DSC experiments
that was used to extract the grain boundary
energy in 10YSZ as a function of grain size

Max. Temp. &
DSC notation
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1095°C
“16 — 367
1150°C
“20 - 647
1155°C
“16 — 647
1290°C
“26 — 225
1295°C

“20 - 225"
1300°C

“16 — 225"

Grain boundary

Grain size, nm area, mzlg

Initial Final Initial Final AHygc, J/g
159 +0.9 358+22 34.1 15.2 19.94 +1.02
200+ 1.1 63.9 +4.7 254 7.9 15.71 £ 0.79
16.3+0.9 63.7 +4.6 31.1 8.0 21.78 £ 1.03
257+ 1.5 222 + 15 20.6 2.4 12.80 + 0.76
202 +1.1 227 + 13 26.8 24 19.89 + 1.19
16.3 +£0.9 225 + 14 324 2.3 26.09 + 1.04

Note: Samples were heated 20°C/min to the temperature indicated in the first column followed by the isother-
mal hold at this temperature for 10 min. The first column also shows the associated notation used in the legend

of Figure 1.

The prepared samples were exposed to grain growth during tem-
perature ramping inside the DSC and up to different maximum
temperatures. Grain growth is an exothermic process which is
related to elimination of grain boundary area. Therefore, each
experiment provides the average energy in a specific range of
grain sizes according to the following Equation (1): 16

Yinitial * GBAmmal Yfinal * GBAﬁnal = AI_IDSC' (1)

Here, AHpgc is the heat signal obtained from DSC, y is the
excess grain boundary energy in the initial or final grain sizes
(“final” is defined as the state after the exothermic peak of
grain growth), and GBA stands for the associated value of grain
boundary area in the particular state. In the general case, the
surface energy could also be included in this Equation, but the

term is omitted here due to its negligible contribution for fully
dense nanocrystalline samples.22 The grain boundary area asso-

ciated with a given grain size was calculated using the Equation
15,16
2

5 Vu

GBA=>. .23, ©)

Here, S is a shape factor set as 3.55 assuming tetrakaidecahedral
grains,” d is the average grain size, Vy; and M are molar volume
and mass, respectively, and o is the standard deviation of the
normalized grain size as a correction factor to account for the
distribution of sizes (which was determined experimentally by
SEM). The tetrakaidecahedral shape is considered a reasonable
assumption for grain shape based on the very high degree of

50 | (A) — 16225 | | (B) —20-225 | [ (€) — 26225 |g;
A — 16 - 64 — 2064
© 40 1r 1r 140 &
: z
E sl 4 F 4+ 430 =
© ©
5 5
@ 20 4 F 4 F 420 »
® ©
o )
T 10 1 r 1 F Q410 T
(O e S N RS A R UL R TR BN B TS R R Ll i T T T O
65 70 75 80 85 90 65 70 75 80 85 90 65 70 75 80 85 90
Time, min Time, min Time, min
FIGURE 1 Exothermic heat effects associated with the release of grain boundary energy for a series of 10YSZ samples during grain

growth, as detected by DSC analysis. The legend in the top-right corner of the graphs represents the change in the grain size (in nm) by the end of

experiment. More details can be found in Table 2



BOKOV ET AL.

: I
--journai
crystallinity down to 10 nm grain size reported by in the liter-
ature,”* and the consistent grain shapes observed in our studies
via SEM.

Experimentally, one can reliably measure the heat signal
as well as determine the grain boundary areas from sam-
ples quenched immediately before and after the DSC peak.
However, Equation (1) does not allow for direct calculation
of absolute grain boundary energies at each given grain size
since it contains two variables: the grain boundary energies
at the initial and final stages (which can differ). To remove
these constrains, different initial grain sizes were utilized
along with tuning of the final grain size by varying the
maximum temperature of sintering in the DSC runs. Such
approach increases the number of Equations but minimizes
the number of variables. That is, three distinct starting grain
sizes (three specimen with ~16 nm, two with ~20 nm, and
one with ~26 nm) were used for calorimetric analysis at dis-
tinct temperatures (see Table 2). Note that efforts were made
to perfectly match the sizes of each sample but there are in-
trinsic experimental variations that preclude this. Such sizes
are assumed the same for the sake of calculations and the
deviations are included in the error bars of the calculated
energies.

Figure 1 A shows the heat signals associated with grain growth
of a set of ~16 nm samples heated up to the maximum tempera-
tures of 1300°C, 1155°C, and 1095°C. These three different

temperatures led to coarsening to distinct final grain sizes, ~225,
~64, and ~36 nm, respectively. Figure 1B shows data for ~20 nm
samples heated to 1295°C and 1150°C and Figure 1C for 26 nm
sample heated up to 1290°C. Slight changes in the final tempera-
ture were purposely designed so that samples with different start-
ing grain size could match the same size after the peak.

While the heat signals for different experiments can be ex-
tracted simply by integration of the DSC curves from Figure 1,
since the instrument was properly calibrated with sapphire heat
capacity, the change in grain boundary area must be verified with
the XRD and microscopy analyses. SEM images representing
typical microstructures with different average grain sizes (initial
and final) can be seen in Figure 2 for reference and exemplifica-
tion purposes. All images are shown with the same scale bar to
facilitate comparison. Normal grain growth takes place during
the DSC runs so there are fairly equaxial grains without any vis-
ible porosity for any given sample. The XRD patterns associated
with the same samples as those shown in Figure 2 are shown in
Figure 3. Smaller sizes demonstrate a pronounced peak broad-
ening, while larger sizes show narrow peaks. The results of the
whole profile refinements are very consistent with the sizes ob-
served by SEM, except in the 225 nm case, which was quan-
tified only by microscopy due to the intrinsic limitation of the
technique.

The results from DSC, SEM, and XRD allow for the deter-
mination of AHpgc, GBA ., and GBAg;,,; values and enable

(R R T2
X .r",d.;’.:“, é‘-‘.’
B AR TS
RN R NI CF SIA0
- !’A“”‘“ ? OV"‘ ;‘ Gl g 50 5
= '~!‘.!,-_-"."‘,AV:‘_¢‘ ,5-‘ < Ay,
BRI )
".’*) Lol P4 -
iy AT
- "” "’a‘ﬂ‘ > S
N0 =% e AP RS S
AL LEANY
AE MR T 8%
LRSI

%
i@, o0
oruge Blateals

lsresste

FIGURE 2 Typical SEM images for 10YSZ samples with the average grain sizes of roughly 16 nm (A), 20 nm (B), 26 nm (C), 36 nm (D),
64 nm (E), and 225 nm (F). Texture on the surface of the grains is a result of Au-Pd coating (1-2 nm thick) which was deposited onto the samples to

mitigate charge accumulation during imaging or surface reconstruction during annealing
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FIGURE 3 XRD patterns for 10YSZ samples with different
grain sizes. No peaks other than for cubic fluorite phase are detected in
all cases. Crystallite (grain) sizes are as indicated in the graph

the writing of a series of equations based on Equation (1). A
comprehensive list of the utilized parameters is summarized
in Table 2, and the equations can be written as follows:

34.1-7,6—15.2-734=19.9
254-7,0—=7.9 75, =157
31.1-y,6—8.0-y5, =218
20.6-716—2.4-75,5=12.8
26.8:y,0—24-75p5=19.9
32.4-7,6=2.4- 755 =26.1.

3)

Here, y, represents the grain boundary energy (units of J/m?)
at the grain size of x nm in size, ranging from 225 to 16 nm.
Units and decimals are omitted in the equations for simplicity
but shown in Table 2.

The unique solution for the energies for this system of
equations was calculated using the least squares method and is
shown with the left-side Y-axis in Figure 4. It can be seen that
the grain boundary energy values do not significantly change
for relatively large grains, having an average value of 0.56 J/
m? for grains larger than 36 nm, which is consistent with the
geometrical estimation of the modest interfacial area change
in this grain size range. To evaluate if the thermodynamic val-
ues are reasonable, one may consider that about one-third of
the grain boundary population in coarse-grained YSZ is rep-
resented by three dominant geometrieszsz 23 (11%), 5 (9%),
and 211 (9%). The corresponding grain boundary energies for
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these orientations are 0.52, 1.03, and 0.25 J/m? , respectively, as
averaged from a few literature sources.*?’ Considering frac-
tions, the grain boundary energy resulting only from these ge-
ometries is 0.59 J/m?, which is very close to the result obtained
for larger grains in this study. Although the energy from just
three grain boundaries is a clearly rough estimate, one should
also consider that distribution of misorientation angles in cubic
zirconia is likely centered on these dominant geometries.

The situation changes when the grain sizes are below
~36 nm, where a remarkable increase in grain boundary en-
ergy is observed (up to 0.84 + 0.4 J/m? at 16 nm). This phe-
nomenon can be attributed to a change in the grain boundary
area and volume, with higher energy boundaries being more
favorable to accommodate the geometry of such small grain
sizes. Another possible explanation is the increase in the pop-
ulation of triple joints and density of kinks, assuming those
increase the excess energy of the system. That is, although the
heat from DSC is all inputted as grain boundary energy from
using Equation (1), triple junction volume is more abundant
at small grain sizes and may also be playing a significant role
in the energy evolution. The calculations by Ryou et al,” how-
ever, indicate that the population of triple junctions is still
small in the range where the increase in energy is observed. A
recent study on ionic transport in cubic YSZ?® has shown that
the grain boundary width for this system is on the order of
0.5-1 nm. Further, according to Chaim,29 the fraction of tri-
ple lines can be geometrically related to fqn = 3 X 2(1 — x),
where x = (3/ \/ 6) X (grain boundary thickness/grain size).
Assuming, for instance, a 0.5 nm thick grain boundary, the
triple junction population is indeed not significant at 36 nm
(0.09%), or even at 16 nm (0.42%). If one considers a 1.0 nm
thick grain boundary, the calculations indicate the onset size
in which the increase in population of triple joints agrees with
the onset of the grain boundary energy increase. The fraction
of triple junction is increased to 0.34% at 36 nm, and 1.62%
at 16 nm. Despite the onset coincidence, the actual fraction of
triple junctions is very small.

Alternatively, one may attribute the change to a size-in-
duced complexion transition, as suggested to exist in the
nanostructured MgA1204.30
tion with two intrinsically different types of grain boundary
area and volume is supported by the shape of DSC curves in
Figure 1. Analyzing the peaks for the different starting grain
sizes, one may note the samples exposed to temperatures up
to 1100°C and 1150°C demonstrate only a single normal
exothermic peak, whereas an additional peak ‘shoulder’ is
clearly observed for all samples heated up to about 1300°C.
This pattern suggests that some fraction of the grain
boundaries becomes mobile only at higher temperatures.
Although these boundaries might be already present in the
sample from the beginning, it is also equally possible they
are formed during the grain growth, ie, while transitioning
from the nanoscale grain boundary type to the microscale

The existence of such transi-
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FIGURE 4 Evolution of grain boundary energy in 10YSZ
(circles) as a function of grain boundary area (and grain size)
along with the corresponding change in hardness of this compound
(diamonds)

type. This is, of course, highly speculative at this point as
it can also be related to impurities. Although their effec-
tive concentration at the grain boundaries should be very
low due to a large grain boundary area, they can accumu-
late at specific grain boundaries in larger grained samples,
leading to a mobility change. Noteworthy, one could argue
that the existence of two different grain boundaries with
different mobilities should lead to abnormal grain growth,
which is not observed. However, this work deals with a very
small grain size regime where the difference is observed,
15-30 nm. Therefore, even if there is a difference in mobil-
ity, there would not be time or conditions to cause abnormal
grain growth to result in a nonnegligible microstructural ob-
servation in our studies. In any case, more systematic stud-
ies are required to determine the origin of the heat effect
‘shoulder’. Therefore, the scope of the present work will be

limited to the question of whether or not the observed trend
in energetics of grain boundaries (or overall excess energy)
can affect mechanical properties of the samples. For doing
so, indentations with Vickers pyramid were performed on
a set of nanocrystalline 10YSZ samples, as detailed in the
experimental section.

3.3 | Mechanical properties

The results of hardness testing for indentations without
spallations as a function of grain size are shown with the
right-side Y-axis in Figure 4 along with the grain bound-
ary energy data on the left-side Y-axis. As grain sizes
decrease, hardness increases and reaches a maximum of
18.41 + 0.26 GPa at the grain size of ~27 nm. Below this
critical size, softening takes place and hardness decreases
down to 16.36 + 0.32 GPa at ~17 nm. It can be seen that the
onset of the softening occurs at the same grain size range
at which the increase in excess energy occurs for this oxide
system. This behavior is consistent with the decrease in
hardness reported for metallic alloys in grain sizes below
20 nm due to the abundance of boundaries with high excess
energy2 and activation of grain boundary-mediated defor-
mation modes.*'*

To further study the possible mechanisms responsible
for the inverse Hall-Petch in these samples, an analysis was
performed focusing on the observed side cracks formed
during indentation. The increased grain boundary energy in
nanoscale 10YSZ is expected to impact fracture toughness12
since higher energy boundaries are expected to be mechan-
ically weaker.>!? Analysis of the SEM images of the hard-
ness indentation impressions shows significant differences
when comparing samples with grain sizes larger and smaller
than the size with maximum hardness (see Figure 5). For
relatively large grains (48 nm), the corner cracks are fairly
short (about 4.5 pm), whereas their sizes roughly double up
to 8 um for small grains (17 nm). This is an interesting ob-
servation since it is generally expected that fracture tough-
ness increases with decreasing grain size, which would lead

FIGURE 5 SEM images of typical
hardness indentation impressions (60 gf) on
the surface of 10YSZ samples with 48 nm
(A) and 17 nm (B) grain size
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to shorter corner cracks on the indents of the small grained
sample.33 This observation is however aligned with the fact
that grain boundaries for the small grained sample were mea-
sured to have higher energies, as discussed in the previous
session, making them mechanically weaker.

To further understand the energy accommodation mech-
anisms upon indentation, the indents for the 48 and 17 nm
samples were laterally sectioned by focused ion beam to ob-
serve the microstructure at the subsurface region.

Sectioning was performed from across the indentation,
allowing visualization of the cracks patterns underneath the
top corner cracks observed in Figure 5 from their tips to the
center of the indentation. As can be seen in Figure 6A-C, the
48 nm sample demonstrates crack pattern that resembles ra-
dial-like fracture at the front crack.*® The cracks are indicated
by an arrow in Figure 6C, and is fairly straight and planar
across the sample, and this suggests fracture geometry con-
sistent with the stress field generated by the load as described
by Lawn and Swain.*® The crack propagation occurs along
the trajectory of lesser normal stress, nearly orthogonal to

ournal -
the main tensile component of the load. There is an absence
of lateral vents or those are located underneath the images
areas given the limited FIBed section, and Figure 6C shows
the existence of a plastic deformation region located imme-
diately underneath the center of the indentation, in which no
cracks are observed. In contrast, the 17 nm sample shows a
different pattern, which could be attributed to lateral crack-
ing36 (Figure 6D-F). Chen®® defines that lateral cracks usu-
ally originate during the unloading cycle (for most ceramics),
but for some glasses they also occur during the loading cycle.
The fact that such lateral cracks are not observed or are pres-
ent to a lesser extent for the 48 nm sample suggests the grain
size is promoting lateral cracking.

Figure 7A,B shows TEM images of the cracks formed in
both the 48 and 17 nm samples during in situ mechanical
tests. For the 48 nm (B), one can differentiate the grains and
observe that cracks are formed around grains, consistent
with intergranular fracture. This contrasts with the apparent
linearity (at the microscale) shown in Figure 6A-C, which
could suggest transgranular failure, revealing conclusions

I |

FIGURE 6 Sectioned hardness impressions prepared by FIB for 48 nm (A-C) and 17 nm (D-F) samples of 10YSZ imaged under SEM. The

size of the scale bar is 10 microns

FIGURE 7 TEM images of cracks on
FIB thinned nanoceramics for 17 nm (A)
and 48 nm (B) samples of 10YSZ
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based on low magnification images can be misleading when
analyzing nanocrystalline materials. For the 17 nm sample,
the grains are not well defined due to microscopy limita-
tions, but the formed crack does appear to have features of
grain contours, also suggesting intergranular fracture. This
result implies there is no change in cracking mechanism be-
tween the two sizes, which is aligned with the hypothesis
that the strength of the grain boundary network is responsi-
ble for the change in the fracture patterns observed under-
neath the indentation.

This observation goes against a recent observation by
Yang et al who have demonstrated for ZnAl,O, that a re-
duction in grain size leads to a change from transgranular
to intergranular sub-surface fracture during indentation.®’
This mechanistic change is not observed in YSZ nanoceram-
ics, at least in the studied grain size range. Although many
functions may be affecting crack behavior, one may specu-
late that the existence of transgranular fracture in ZnAl,O,
is related to the capability of spinels, such as MgAl,O,, to
present site inversion at the grain boundaries, which could
lead to mechanically streng:{thening,38 but this needs to be
more systematically studied.

The observed decrease in hardness which is somehow
associated with increasing grain boundary energy can be
rather detrimental for some engineering purposes. It is
therefore tempting to speculate that this behavior could
be mitigated with the thermodynamic design of interfaces
(lowering the grain boundary energies, for instance). As it
has been demonstrated for the cubic YSZ system, La ions
segregated at the interfaces can considerably decrease grain
boundary energy and increase toughness of the entire grain
boundary network.'*!> Therefore, it could be expected that
the increase in stability of grain boundaries can suppress
the shear of grains and mitigate softening behavior, but this
remains to be demonstrated.

4 | CONCLUSIONS

This study experimentally demonstrates that grain bound-
ary energy is a function of grain size in 10YSZ and experi-
ences a sudden increase when the size of the grains is below
~36 nm. The observed evolution of grain boundary energy
coincides with the onset of the decrease in hardness, known
as the inverse Hall-Petch relation. Analysis of sub-surface
damage after hardness tests showed signs of intergranular
fracture induced by indentation for samples before and after
the hardness maximum. This indicates there is no change in
load accommodation mechanism as a function of grain size,
but as the grain boundary energy increases, grain boundaries
become weaker and more prone to fracture, leading to soften-
ing in YSZ nanoceramics.
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