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1. Introduction

Recently, there has been a renewed interest in the development of high energy Lithium (Li)-Air
batteries. One configuration involves the use of a Li anode in a non-aqueous electrolyte, which
is separated from an aqueous electrolyte containing the air cathode by a solid state Li-ion
conducting membrane (1). One material under consideration for use as a membrane is
LiTi2(PO4); (LTP). LTP meets the material requirements of high Li-ion lattice conductivity and
chemical stability with the electrolytes (2—7). A processing requirement for the LTP membrane
is very high density. Very high density is important for several reasons. Firstly, it has been
observed for LTP that the total Li-ion conductivity (lattice plus grain boundary) is a strong
function of density. For example, Li-ion conductivity can vary from about 2 x 10~ S/cm (8) for
a material with a relative density (actual density/theoretical density) around 70% to about 1 x
10~ S/cm for a material with a relative density close to 100% (8-11). It has been suggested that
high density is required to reduce grain boundary resistance (7). Secondly, a high density is
required for safety, so that no water ever comes in contact with the Li anode. Thirdly,
mechanical strength is known to increase with increasing density (12—14). In order to achieve
high density LTP, two processing approaches are commonly used. The first approach is to melt
doped-LTP, followed by quenching, to form a glass which is subsequently reheated to allow for
the formation of a glass-ceramic (9,10). The second approach is to use conventional sintering of
LTP, but dope it with a trivalent impurity (i.e., AI"*) on the Ti site and extra Li (charge
compensation for Al on the Ti" site), or to add a low melting boundary phase (2-8). These
methods must be used because it has been observed that pure LiTi,(PO4); cannot be sintered to
high densities (2-8,11). Another possible processing method to obtain high density pure LTP is
to use hot-pressing. In this case, the applied stress adds an additional driving force for
densification compared to conventional sintering, hence, a higher density should be obtainable
over conventional sintering, therefore resulting in improved electrical and mechanical properties
(12-14).

The only one brief study on hot-pressed LTP (8) investigated the ionic conductivity and density
and compared it to the sintered material. It explained the difference in the ionic conductivity
between the hot-pressed and sintered materials entirely on the difference in relative density
between these two materials. No information was given on the microstructure (i.e., grain size) of
the hot-pressed and sintered materials. This is important because it is well-known that hot-
pressing and sintering cannot only have different relative densities, but also different grain sizes,
which can cause a difference in behavior (12-14). Thus, it is important if hot-pressing is to be
used as a consolidation method, as one must not only characterize the relative density but also
the microstructure. At present such information is lacking for hot-pressed LTP. Furthermore,
there is no information on mechanical properties of hot-pressed LTP. Again, such information is



needed if hot-pressing is to be used to produce dense membranes for use in Li-Air batteries,
since mechanical properties like ionic conductivity are a strong function of the microstructure.

It is the purpose of this report to present the first detailed comparison of both the electrical and
mechanical properties of hot-pressed versus sintered LiTiy(POys);, and relate these properties to
the microstructure.

2. Experimental

2.1 Powder Characterization

LiTi2(PO4); powders were obtained from Ceramatec, Inc. (Salt Lake City, Utah). The structure
of the as-received powders and the consolidated products was characterized by X-ray diffraction.
Lattice constants were determined by obtaining diffraction data in a parallel beam diffraction
geometry and fitting the data using Rietveld refinement (15). The LTP particle size distribution
was determined using a Scanning Electron Microscope (SEM). The LTP specific surface area
was measured using nitrogen gas adsorption (Brunauer-Emmett-Teller (BET)).

2.2 Consolidation

The LTP powders were consolidated by conventional sintering or hot-pressing. Differential
Thermal Analysis (DTA) was performed on the powders by Orton Materials Testing and
Research Center (Westerville, OH) to determine if there was any glass phase(s) present during
the consolidation step. For sintering, the LTP powders were first uniaxially pressed into
cylindrical specimens 13 mm in diameter with a thickness between 2—4 mm at a pressure of 200
MPa. A 5 wt. % polyvinyl alcohol binder was used. The pellets were then sintered at 1050 °C
for 1 h under air on platinum foil. This temperature was chosen since it is in the typical range
(900-1250 °C) used for sintering of pure and doped LTP (2-8,11). For hot-pressing, about 15 g
of powder was placed in a graphite die lined with graphfoil, which was then heated to 1050 °C,
at which time a stress of 40 MPa was applied and held for a period of 1 h. The load was then
removed and sample cooled to room temperature. During the heating and cooling stages, the
furnace was flushed with flowing argon. The hot-pressed specimen was disc-shaped with a
thickness of about ~11 mm and a diameter between 22-23 mm. Rectangular parallelepiped
specimens of about 5 mm x 5 mm x 3 mm were cut from the hot-pressed disc using a low-speed
diamond saw for microstructural analysis, density, and electrical and mechanical property
measurements.

2.3 Property Characterization

The bulk density of the sintered and hot-pressed samples was determined from the weight and
physical dimensions, and also by the Archimedes method using methanol as the immersion fluid.
The relative density values were determined by dividing the bulk density by the LTP theoretical



density. The microstructure of the sintered and hot-pressed samples was examined using a SEM
on fracture surfaces.

AC and DC room temperature electrical conductivity measurements were performed on sintered
and hot-pressed samples using the two probe method. Silver paste electrodes were applied to the
top and bottom surfaces of the specimens. AC measurements were undertaken to determine
ionic conductivity. AC impedance was measured using a Solatron 1260 Impedance Analyzer in
the frequency range 1 to 10° Hz. DC measurements were undertaken to determine electronic
conductivity. DC resistances were measured using a Keithly 6517A Electrometer/High
Resistance Meter with a Model 8009 Resistivity Test Fixture capable of measuring volume
resistivities as high as 10'® ohms-cm. Samples for DC electronic conductivity required
equilibration times of about 12—18 h to ensure steady-state was achieved.

The mechanical properties of the sintered and hot-pressed LTP materials were evaluated from
microhardness measurements. Microhardness was chosen to characterize the mechanical
properties of the sintered and hot-pressed LTP materials for the following reasons: 1) hardness
is related to strength and 2) the small volume of material and ease of specimen preparation and
testing (16—17). The room temperature Vickers hardness of polished sintered and hot-pressed
specimens was measured using a Zwick microhardness tester. The hardness was measured at a
load 0f 29.4 N at an indentation time of 30 s.

3. Results and Discussion

3.1 Color

The sintered LTP disc was colored white like the original starting powders. The hot-pressed disc
had a blue color on the surface, but was white-colored in the interior. The blue color would
suggest that on the surface some of the titanium had reduced from Ti™ to Ti" as a result of the
carbon foil and reducing atmosphere. A discussion of this blue surface layer is detailed in
section 3.9, which concerns the electronic conductivity of LTP after heat-treatment under a
reducing atmosphere. The blue surface layer was removed by polishing. To standardize the hot-
pressed disc and ensure that all the titanium was in the +4 state, the hot-pressed disc, after
removing the blue surface layer, was heated at 900 °C for 2 h under air prior to microstructural
analysis, density, conductivity, and hardness measurements.

3.2 Particle Size

Scanning electron microscopy results of the as-received LTP powders shown in figure 1,
revealed that a majority (~80 vol. %) of the powders were 1 um or less. The remaining (~20 vol.
%) particles were in the range 1 to 5 um. No particles with sizes greater than 5 pm were



observed. The powder surface area was 4.52 m”/g from the BET measurements, which gives an
average particle size of ~0.5 um, assuming spherical particles (18).

Figure 1. Scanning electron micrograph of the initial LiTi,(PO,); powders.

3.3 Structure

The X-ray diffraction pattern for the as-received LTP powder is shown in figure 2a (Cu K,
radiation). Figure 2a illustrates that the powder is almost pure single phase LiTi2(POs)s.
Rietveld refinement suggested that the amount of second phase TiO; (rutile) shown by the star is
less <1 wt. %. TiO; has been observed in LTP samples as a result of Li,O loss after calcining
and/or sintering (19,20). All diffraction lines of LTP can be indexed based on a rhomboheral
structure with a R3¢ space group. The lattice parameters determined using Rietveld refinement
yielded a=8.5114 A and ¢=20.8408 A. These values are in good agreement with values listed in
the literature (21). The X-ray diffraction patterns for LTP after sintering, after hot-pressing (blue
surface layer was removed prior to grinding the powders for X-ray diffraction), and after hot-
pressing and annealing are shown in figures 2b—d, respectively. A comparison of figures 2b—d
with that for the starting powders (figure 2a) reveals that no new phases appeared and that there
was no change in the position of the peaks. A comparison of the X-ray diffraction pattern for the
hot-pressed powder (figure 2¢) with the starting powder (figure 2a) and sintered powder (figure
2c) reveals that there is some change in the relative intensity of the peaks. This may be a result
of some preferred alignment that takes during hot-pressing. After the annealing step (figure 2d),
it is seen that much of the preferred alignment is reduced and the relative intensities of the peaks



are similar those for the as-received (figure 2a) and sintered (figure 2b) powders. The lattice
parameters determined using Rietveld refinement yielded a=8.5129 A and ¢=20.8502 A, and
a=8.5118 A and ¢=20.8529 A, respectively for the hot-pressed and annealed and the sintered
materials. These are in good in agreement with values for the as-received powders. The X-ray
diffraction results suggest that both the sintered and hot-pressed and annealed materials have the
same structure.
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Figure 2. (a) X-ray diffraction pattern of the as-received LiTiy(PO,); powders, (b) X-ray diffraction pattern of the
LiTiy(PO,); powders after sintering, (c¢) X-ray diffraction pattern of the LiTi,(PO,); powders after hot-
pressing, and (d) X-ray diffraction pattern of the LiTi,(PO,); powders after hot-pressing and annealing.

3.4 Differential Thermal Analysis

The DTA curve for the LTP powders heated at 10 °C/min from room temperature to 1400 °C
under air is shown in figure 3. From figure 3 it can be seen that there are no sharp endothermic
peaks at the sintering/hot-pressing temperature of 1050 °C, suggesting that during the



consolidation step we should have only solid state sintering (i.e., no liquid phase sintering). The
gradual endothermic slope in the curve at high temperature is associated with Li,O loss (8,11).
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Figure 3. Differential thermal analysis curve (heating) for LiTi,(PO,); powders.

3.5 Density

The relative density of the sintered and hot-pressed and annealed LTP samples is 82+2% and
88+2%, respectively (theoretical density = 2.948 g/cm’ [21]). The values based on the physical
dimensions and weight are in close agreement with those determined using the Archimedes
method. The relative density of sintered LTP (82+2%) is in agreement with the value of ~77%
obtained by Ando, et al. (8) on LTP powders sintered at the same temperature (1050 °C; the
sintering time was not specified). The relative density of the present sintered LTP is higher than
that reported by Wolfenstine, et al. (11) of about 69% for LTP sintered at 950 °C for 2 h, and
Aono, et al. (6) of about 67% for LTP sintered between 900-1250 °C (the exact sintering
temperature was not specified (6)). The differences in densities between these studies and the
present could be a result of several factors including different temperatures, times, heating rates,
starting particle size, packing, and impurity content (12-14). The higher density of the hot-
pressed sample compared to the sintered sample is expected, since the addition of the applied
stress during hot-pressing increases the driving force for densification over that for conventional
sintering (12-14). The results of the present study are in agreement with results of Ando, et al.
(8), who observed a higher density for hot-pressed LTP (~95%) versus sintered LTP (~83%)
heated at 1100 °C, and the recent results of Zhu, et al. (22) on NASICON (Na3Zr,Si,PO1;), who
observed that NASICON hot-pressed under a stress of 20 MPa at 1000 °C also exhibited a higher
density (~94%) compared to the same material sintered at 1000 °C (~83%).



3.6 Microstructure

Fracture surfaces of the sintered, hot-pressed, and annealed LTP samples are shown in figures 4,
5, and 6, respectively. Several important points are also noted. Firstly, both the sintered and hot-
pressed microstructures reveal a duplex microstructure composed of fine grains (<5 pum) and
large grains (>20 pm). Secondly, the percentage of fine grains is much higher in the sintered
material than in the hot-pressed material, leading to a large average grain size for the hot-pressed
material compared to the sintered material. The results reveal that a significant amount of
growth grain has occurred during both sintering and hot-pressing, since the average starting grain
size was ~0.5 um (figure 1). Grain growth is to be expected in pure LTP since it is a single
phase material (figure 1) with no intentionally added second phases (the amount of residual TiO,
is very small) or solute impurities to pin down grain boundaries (12-14,23-26). What is unusual
about the grain growth of both materials is that it is very abnormal/discontinuous (i.e., rapid
growth of a few grains), leading to a duplex microstructure. At present it is not clear what has
caused the abnormal/discontinuous grain growth of the sintered and hot-pressed materials.
Abnormal/discontinuous grain growth can result from nonuniformities in impurity content,
inhomogeneous packing of the starting powders, anisotropies in grain boundary energy, and
mobility and the presence of a liquid phase along the grain boundaries (13,14). In most materials
abnormal/discontinuous grain growth is associated with the presence of a liquid phase along the
grain boundaries (12—-14,27-29). This can be most likely ruled out for our case because the DTA
results (figure 3) revealed no liquid phase (no sharp endothermic peak) at the sintering/hot-
pressing temperature. However, to conclusively rule out this possibility would require one to
heat a sample to the sintering/hot-pressing temperature, quench it to room temperature, and then
do detailed transmission electron microscopy on it. To determine the exact reason for the
abnormal/discontinuous grain growth would require a detailed study, which is beyond the scope
of the present investigation.
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Figure 4. Scanning electron micrograph of sintered LiTi,(PO,); fracture surface.

Figure 5. Scanning electron micrograph of hot-pressed LiTiy(PO,); fracture
surface.



Figure 6. Scanning electron micrograph of hot-pressed and annealed LiTiy(POy);
fracture surface.

One possible reason for the difference in microstructure between the sintered and hot-pressed
materials—the larger average grain size of the hot-pressed sample compared to the sintered
sample—is a result of the extra annealing step (900 °C for 2 h) given to the hot-pressed sample.
A comparison of the microstructure of the as-hot pressed (figure 5) to the hot-pressed and
annealed (figure 6) material revealed no change in microstructure had occurred as a result of the
annealing step. Hence, the annealing step cannot explain the difference in microstructure.
Likely reasons for the larger average grain size of the hot-pressed material compared to the
sintered material are a result of the applied stress and higher density. It has been observed that
materials, when heated at high temperature under load, exhibit a larger grain size, known as
dynamic grain growth, than the same material when heated at the same high temperature with no
load, known as static grain growth, as a result of stress enhanced diffusion (30-34). A higher
density leads to a lower number of pores along boundaries, which reduces the drag force on the
boundaries and hence, promotes grain growth (12-14,23-26).

3.7 Electronic Conductivity

The electronic conductivities of the sintered and hot-pressed and annealed sample is 1 x 107
S/cmand 2 x 107 S/cm, respectively. These values are in excellent agreement with each other.
This is expected since the sintered and hot-pressed powders come from the same source (i.e.,
have the same background impurities) and had nearly the same heat-treatment (one sintered



under air and the other annealed under air). These values are in agreement with the electronic
conductivity value of less than 10~ S/cm for LTP consolidated by spark-plasma sintering (20).

3.8 lonic Conductivity

The room temperature AC conductivity results for the sintered LTP and hot-pressed and
annealed LTP samples using Li-ion blocking silver electrodes are shown in the full complex
impedance plot in figure 7. From figure 7, several important points are observed. Firstly, the
data for both samples separates into a high frequency region which contains a semicircle and low
frequency region which contains a spike. For this case, since we have Li blocking electrodes, the
shape of the curve represents a material which is predominately a Li-ion conductor with very low
electronic conductivity (35-38). Secondly, the low frequency intercept of the semicircle on the
7' axis gives the total ionic resistance, which includes the contribution of the lattice and the grain
boundary components (5,10,37,38). Using this resistance and sample dimensions, the total ionic
conductivity of the sintered and hot-pressed LTP samples was calculated. The total ionic
conductivity of the sintered sample is 4 x 10 S/cm whereas, for the hot-pressed and annealed
sample, the total ionic conductivity is 2 x 10”7 S/cm. The total ionic conductivity of the hot-
pressed and annealed sample is about five times higher than that for the sintered sample. These
results are in agreement with the recent hot-pressed versus sintered NASICON results of Zhu, et
al. (22), who observed about a factor of 2 increase in total ionic conductivity for the hot-pressed
material compared to the sintered material and the results of Ando, et al. (8) for LTP, who
observed an increase of about a factor of 8 for the hot-pressed material compared to the sintered
material.
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Figure 7. Complex impedance plot of sintered and hot-pressed and annealed
LiTiy(POs)s.
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A blow-up of the high frequency end of the semi-circle shown in figure 7 is shown in figure 8.

A second semicircle is typically observed between the origin and the intercept on the Z' axis (36—
38). This semicircle would be observed if higher frequencies were used (36,39). The intercept
of the line on the Z' axis gives the Li-ion lattice conductivity (35-39). Using this resistance and
sample dimensions, the lattice conductivity of the sintered and hot-pressed and annealed LTP
samples was calculated. From figure 8 it is observed that the data for both the sintered and hot-
pressed and annealed LTP samples superimposes onto one curve, yielding the same value of
lattice conductivity. This is expected since the sintered and hot-pressed powders come from the
same source (i.e., have the same background impurities) and had nearly the same heat-treatment
(one sintered under air and the other annealed under air). The value of the Li-ion lattice
conductivity for both samples is ~6 x 10 S/cm. This value of the Li-ion lattice conductivity is
in good agreement with the Li-ion lattice conductivity of LTP and Al-doped LTP materials (2—
11). A comparison of the lattice conductivity (~6 x 10~* S/cm) with the total conductivity, lattice
plus grain boundary (4 x 10 S/cm for the sintered material 2 x 10~ S/cm for the hot-pressed
and annealed material), confirms what has been suggested in the literature (2—11), in that the
ionic conductivity of polycrystalline LTP materials is controlled by the higher resistivity grain
boundaries. Furthermore, since the lattice conductivity of the both the hot-pressed and annealed
and sintered material is the same, the higher total conductivity of the 2 x 10~ S/cm for the hot-
pressed and annealed material compared 4 x 10~ S/cm must be due to a difference in the
resistance of the grain boundary component between these two materials.
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Figure 8. High frequency region of the complex impedance plot of sintered
and hot-pressed and annealed LiTiy(POy)s.

The difference in the ionic conductivity of the grain boundary component of the hot-pressed and
annealed LTP material compared to the sintered LTP material is a result of two factors. The first

11



factor is the higher density of the hot-pressed material (~88%) versus the sintered material
(~82%). It has been observed that as the density increases, the total ionic conductivity increases
as a result of the decrease in the resistance component associated with grain boundaries (2,4—
6,10,39,40). The second factor is a result of the difference in microstructure for the two
materials. From figures 4 and 6 it can be observed that the hot-pressed and annealed material has
a larger average grain size than for the sintered material. It has been shown that as the grain size
increases, the total ionic conductivity increases as a result of the decrease in the resistance
component associated with grain boundaries decreases (4,5,41-43). Consequently, as a result of
the higher density and larger average grain size of the hot-pressed LTP material, the resistance
component associated with grain boundaries is lower for this material compared to the sintered
LTP material, and hence, a higher total ionic conductivity is exhibited by the hot-pressed LTP
material.

The ionic transport number (ionic conductivity/total conductivity) for hot-pressed LTP is ~0.99
and for sintered LTP is ~0.97. These results confirm that LTP, when heated under oxidizing
conditions, is an ionic conductor.

3.9 Electronic Conductivity Under Reducing Atmosphere

It was observed that when both the hot-pressed and annealed and sintered materials were heated
under a reducing atmosphere (3 vol.% H,-balance Ar) at 800 °C for 12 h, they both had a bluish
color. It is believed that this color change is associated with a change in some of the Ti™ ions
being reduced to Ti" ions according to equation 1 with charge neutrality given by equation 2
(12-14).

0,°—1/20, (g)+ Vo' *+2¢’ (1)
[e7=2[V,"] (2)

Where O, represents an oxygen ion and V,"* represents an oxygen vacancy, an electron, €',
corresponds to Ti" on a Ti™ site [Kroger-Vink (12-14) notation is used]. It has been shown in
LisTis0,, (44,45), which is colored white after heating in a oxidizing atmosphere, that after heat-
treatment in a reducing atmosphere it was blue colored, as a result of some Ti™ ions being been
reduced to Ti"™ ions. X-ray photoelectron spectroscopy confirmed the formation that the color
change from white to blue for LisTisO, resulted from some of the Ti™ ions having been reduced
to Ti" ions during heat-treatment under reducing conditions (44). In addition, it has been shown
in TiO; by X-ray photoelectron spectroscopy (XPS) that heating under a reducing atmosphere
caused some of the Ti"* ions to transform to Ti™ ions (46). Also in TiOs, samples heated under
low oxygen partial pressure have shown that electron paramagnetic resonance revealed the
presence of Ti" centers where none were observed for samples heated in air (47). Since the
main species capable of changing oxidation state in LTP is Ti, similar to that for the case of
Li4Ti50;, and TiO,, it is highly likely that the blue color of LTP heated in a reducing atmosphere
is also a result of some of the Ti™ ions having been reduced to Ti" ions. Further proof of the
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existence of Ti" in the reduced samples will be given in the next paragraph on the X-ray
diffraction patterns for LTP heated under a reducing atmosphere.

The X-ray diffraction of the sintered and hot-pressed and annealed LTP powders heated under a
reducing atmosphere is shown in figures 9 and 10, respectively. A comparison of these figures
with each other and figure 2 reveals that the patterns for LTP heated under air or Hy/Ar are
similar. Lattice constants were determined by obtaining diffraction data in a parallel beam
diffraction, geometry revealed that the only difference was a slight shift in the diffraction peaks
to the lower 20 values for the samples heated under H,/Ar compared to under air. The lattice
parameter of the Hy/Ar hot-pressed and annealed LTP sample determined from Rietveld analysis
of the XRD pattern yielded a=8.6514 A and c=20.9708 A, and the sintered LTP sample under a
reducing atmosphere yielded a=8.6598 A and ¢=21.0003 A. The lattice parameters of the Hy/Ar
samples are larger compared to the air samples (section 3.3). This result is expected if some of
the Ti™ transformed to Ti", because of the larger size of the Ti" ion (0.81 A) compared to the
Ti™ ion (0.75 A) (12).

3500 ! !
3000 - LITIZ(PO4)3
o
> 2500 1o, ]
g Sintered Sample
% 2000 - After Reducing Heat-Treatment
1500 + .
1000 + .
500 J ]
o e o
10 20 30 40 50 60 70
2Theta

Figure 9. X-ray diffraction pattern of the LiTi,(PO,); sintered sample after
heating under a reducing atmosphere.
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Figure 10. X-ray diffraction pattern of the LiTi,(POy4); hot-pressed and
annealed sample after heating under a reducing atmosphere.

DC electronic values of 8 x 10 S/cm and 9 x 10 S/cm were exhibited by the sintered and hot-
pressed and annealed materials, respectively, after heat-treatment under the reducing atmosphere.
The values are in excellent agreement with each other. These values (~10 S/cm) are about a
factor of 107 x higher than that for the same materials when heated under air (~10 S/cm). The
electronic conductivity after heating in a reducing atmosphere of about 10> S/cm for both
materials suggests that they are predominately electronic conductors, as a result of the transition

of some Ti™ to Ti", which increases the number of electrons and, hence, electronic conductivity
(45,48).

Increasing the electronic conductivity of LTP is important if it is to be used as an electrode in Li-
ion batteries. For example, LTP has been investigated as a possible anode for use in Li-ion
batteries (47,48). It was observed that one of the problems with an LTP anode heat-treated in air
was its low rate capability, which is a result of its low electronic conductivity (49,50). The
above procedure (i.e., heating LTP under a reducing atmosphere) demonstrates a method to
increase the electronic conductivity of LTP to ~107> S/cm, about 107 times greater than that for
heat-treatment under air, and within the electronic conductivity range of typical oxide cathodes
used in Li-ion batteries (LiCoO; ~10~° S/cm (51) and LiMn,O4 ~10~° —10~* S/cm (52)). It s,
therefore, expected that LTP heated under a reducing atmosphere as result of its higher electronic
conductivity will exhibit a higher rate capability than when heated under an air atmosphere.

3.10 Microhardness

The hardness of sintered LTP was ~92 HV. This is about twice that for the hot-pressed and
annealed LTP (~50 HV), which implies a higher strength for the sintered material. There are two
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major microstructural features that influence the hardness/strength of these materials. The first is
porosity. Pores reduce the strength of a material by reducing the cross-sectional over which the
load is applied and acting as stress concentrators (12,14). If this were the only factor, it would be
expected that the hot-pressed and annealed material with its lower porosity (i.e., higher density)
versus the sintered material should have the higher hardness/strength. This is opposite to the
experimental results, where a higher hardness was observed for the sintered material, the one
with the lowest density. The second factor is grain size (12,52-55). It is known that as grain
size increases, hardness/strength decreases. Typically it is observed that hardness/strength varies
inversely with grain size to the one-half power (52-55). The explanation for this effect is that in
this regime the flaw size scales with grain size (12,52-55). From figures 3 and 4 it can be
observed that the hot-pressed material has a larger average grain size than for the sintered
material, hence, based on the grain size effect, the hot-pressed and annealed material with the
larger grain size should exhibit a lower hardness/strength than the sintered material. This
prediction is in agreement with the experimental results. Consequently, the results suggest that
of the two microstructural variables investigated in this study, grain size and porosity, the one
that dominates the hardness/strength of the two LTP materials is grain size.

4. Conclusions

The electrical and mechanical properties of hot-pressed (40 MPa, 1050 °C, 1 h) versus sintered
(1050 °C, 1 h) LiTi2(PO4); was investigated. The hot-pressed LiTi,(PO4); had a higher density
and larger average grain size than the sintered material. As a result of these microstructural
differences, the hot-pressed material exhibited a higher total ionic conductivity and lower
hardness. The electronic conductivity of the sintered and hot-pressed and annealed sample when
heated under air is about the same, ~1 x 10~ S/cm, which increased to ~102 S/cm, when both
were heated under a reducing atmosphere. This increase in electronic conductivity is a result of
the transition of some Ti™ to Ti+3, which increases the number of electrons. The results of this
study reveal that ionic conductivity and hardness of LiTi,(PO4); are a strong function of the
microstructure. In order to obtain dense LiTiy(PO,); with optimized properties for use in Li-Air
batteries, the consolidation conditions must be carefully chosen.
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