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Introduction
The advent of nanocrystalline ceramics prepared by a variety of solution-chemical and vapor

deposition methods offers a unique opportunity for the determination of grain boundary properties by
"bulk" thermodynamic methods. In this paper we discuss results from two types of measurements on model
nanocrystaliin_ cetamics.

The first is a solution thermodynamic measurernz_nt of the activity of nanocrystalline SiC in
polycarbosilane.derived silicon carbide fibers (Niealon"). This material is a commercially available
nanocrystalline ceramic, originated by Yajima et al. [1-2], and now produced in yarn form by Nippon
Carbon Company for use as a reinforcement in ¢cram:,c and metal matrix composites. In the so-called
"ceramic" grade it has a fiber diameter of --10 t_m, a grain diameter of --2 nm and the approximate

composition Si3C40. Structural studies have shown that Nicalon consists of well-ordered cubic (8 or 3C
polytype) SiC grains separated by a very thin grain boundary layer (<1 nm thick) containing the oxygen [3].
The physical properties and chemical reactivity of these fibers are distinctly different from that of bulk
silicon carbide [4]. In particular, Nicalon is known to react with oxide composite matrices to form a thin
(20-50 nra) carbon interfacial layer that is essential for fiber-matrix debonding and the achievement of
high fracture toughness [5]. This reaction has been modelea as the oxidation of SiC by Cooper and Chyung
[6] and Benson et al. [7}. Both groups have assumed that the SiC is in its standard state. We believe that
this assumption is seriously in error due to the nanoerystalline nature of the fiber. There is experimental
evidence that the thermodynamic and/or kinetic behavior of Nicalon is unique; the beneficial interfacial
reaction does not take piace in the case of single cry_tal SiC whiskers [5]. A more complete analysis must
therefore take into account the greater driving force in nanocrystalline SiC, as well as possible differences
in kinetics. We have attempted to measure the excess free energy of the nanocrystalline form relative to a
reference of recrystallized SiC by equilibrating samples with an AI-Si melt at fixed carbon activity (pinned

by AI4C 3 formation). Direct measurement of the alloy composition and analysis of the microstructure has
allowed the dissolution reaction to be identified and a lower limit for the SiC activity in the
nanocrystalline form to be determined.

A _-eeond metb.ed ef m'.a_.ur;_g grain boundary properties we have investigated for nannerystalline

Si and TiO 2 is high temperature calorimetry. In appropriate samples the grain boundary enthalpy can be
measured through the heat evolved during grain growth. Preliminary results on nanocrystallinc Si prepared

by the recrystallization of amorphous evaporated films and on TiO 2 condensed from the vapor phase are
discussed.

Measurement 9_1'_ A¢tivl|y tn Nanocrvstalline _icalon Fib_r.l
We characterized the excess Gibbs free energy of the nanocrystalline SiC in Nicalon relative to the

"bulk" 3C polytype, using a solution thermodynamic method first used by Chipman [8-10] to measure the
free energy of formation of silicon carbide, and more recently by Sambasivan et al. [11] for determining
the difference in free energy of 6H and 3C silicon carbide polytypes. In this method the silicon carbide of
interest is equilibrated with an alloy of silicon that acts as a "silicon potentiometer." The silicon activity of
the sample is determined by measuring the alloy concentration after equilibration, using known activity-
concentration relationships for the alloy. Since it is advantageous to use an alloy in which the Si
concentration is high enough for accurate measurement, yet low-melting enough to avoid grain coarsening
during the experiment ('l'<1000°C), we used AI-Si alloys instead of the Fe and Pb alloys of Chipman et al.
[8-10] or the Au-Si alloys of Sambasivan et al. [11}. The results may also be pertinent to metal matrix
composites in which Nicalon fibers are used to reinforce aluminum alloy matrices.

A schematic of the experimental configuration is shown in Fig. 1. A molten AI-Si alloy was used to
infiltrate the saraples in an apparatus constructed of graphite. Reaction between the graphite and the alloy



forms AI4C 3, leading to a three-phase assemblage (SiC-Ai4C3-1iquid alloy). If equilibrium between all
• three phases is achieved, the reaction of interest is:

3 3 4 (1)3SiC + 4A! -* 3_ + AI4C 3 K- asi aAI4C3/asic aAl

where the activities of Al and Si are determined by the analysis of the alloy concentration and AI4C 3 is
assumed to be of unit activity. In reactions between AI-Sialloys and carbon, AI4C3is found to form
rapidly at the interface[22]. From the asi values for the alloys in equilibrium with nanocrystalline and
reference SiC samples, it is then possible to determine the activity of the nanocrystalline phase asic(n)
relative to the reference (standard.state, asci = l),as, well as their respective formation free energies.

Standards were prepared using graphite crucibles with 1/4" bore, into which alloys were infiltrated
at 700°0 with a 1/4" graphite rod in a resistance heated vacuum furnace. We attempted to use vapor-
liquid-solid (VLS) grown SiC whiskers [131 and sintered a-SiC as standards, but these failed to reach
equilibrium (too low a Si concentration). A successful standard containing the necessary three-phase SiC-

Al4C3-1iquid alloy equilibrium was instead prepared by reacting carbon fibers [14] with an AI-9.5% Si
melt. Copious amounts of AI4C 3 were formed in this reaction, enriching the alloy in Si to the 11.5% level
at equilibrium. For the Nicaloffcontaining samples, a cylindrical billet (l'x6") was fabricated by pressure
infiltration using the Experimental Rig for the Infiltration of Composites [15] at MIT. Chopped fibers
(NC200 grade) of 1/4-1/2" length, cle._ned of their vinyl acetate sizing by firing in air at 375°C for 4 la.,

were packed to about 20 vpi% density in a graphite foil-lined high-purity AI20 3 crucible. A perforated
graphite spacer separated the starting alloy (-12% Si_ [16] from the fibers. Af,_r evacuation the fibers
were infiltrated with the molten alloy at 700°C by applying an argon pressure of 800 psi, over a period of
-30 rain. The cooled sample was then sectioned- for subsequent annealing experiments, for which graphite
foil containers were used. All anneals were conducted in flowing argon at 1050K, and samples were
rapidly quenched from the hot zone into room temperature water.

_ ,

Figure 1. Experimental apparatus for |nfl!tration i"iii:!_'__i ._----Gr0l_hi,ecrtJcib!e
and equilibration of SiC samples with AG-SIalloy,

For microstructural observations and compositilon analysis by electron microprobe [17] (EPMA) the
samples were poii_hed tu a i _m finish with diamond com0ound. In the EPMA analysis, 32x32 #m rastered
areas were analyzed to determine the Al and Si concentrations of alloy regions well _way from SiC and
AI4C 3 particles. The raster size is well above the sraaller-scale inhomogeneities caused by phase separatio:a
during cooling. Ten areas of this size were analyT.ed in each sample, and the cumulative results were used
to determine the alloy composition. Al and Si metals were used as the calibration standards. Individual
phase compositions were measured using -1 _m diameter spot analyses. SiC and SiO2 were used at, the
composition standards for C and O respectively.

Table I shows the free energy of SiC formation at 1050K obtained from this standard, come,areal
with available literature values. There is especially good agreoement with the Janaf Table value [1_] and
the data of Sambas,van et al. [11]. In the ease of the Niealon '" fibers, a clearly higher Si concentration in
the alloy was observed at ali annealing times compared to the standard, as shown in Fig. 2. This a'lone
indicates a higher activity of the SiC phase. The error bars shown reflect the standard deviation of the ten
rastered areas measured, and are. therefore conservative (for example the X-ray counting statist,es error of
the cumulative measurement is negligible on this scale). However, microstructural analyses indicatt'd that

. !

equilibrium was not achieved during this experiment. Instead of simple dissolution to the equilibri_xm alloy
concentration, a metastable Si crystalline phase appeared (Fig. 3). These samples lie in a compatibility field
of the Si-AI-C ternary phase diagram where solid Si is not an equilibrium phase at this temperature [21,22].
The Si phase appeared to grow out from the fiber-melt interface (Fig. 3), for annealing times of up to 4 h.
Quenching studies showed that these crystals are not formed upon cooling. AI4C3 particles were found in
the interfacial region during this stage of the rezction.
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Table I. Free Energies of Formation for E-SIC at I050K.
e

Z_Hf Z_f _Gf

JANAF Tables [18] -72.3 -7.2 -64.8

Laptev ¢t ai. [ 19] -64.9 -7.3 -57.2

Grieveson ct al.[20] -63.0 -8.1 -54.5

Sambasivan ct al. [I 1] -81.0 -15.1 -65.1

This work -69.7
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Figure 2. Silicon concentration In the AI-SI alloy in contact with Nicalon fibers.

Figure 3. Nlcalon fibers dissolving in AI-SI =lloy, showinll antular particles of metastable Si phase._
I



As a result, the values in Fig. 2 cannot be taken to be the Si concentration in equilibrium witta
• Nicalon. Wecan rewrite equation (1)toshow the formation of metastable Si upon dissolution of Nicalon:

3SiC(Nicalon) + 4_AI -. 3Si(solid) + AI4C 3. (2)

This dissolution reaction continued for annealing times up to 4 h. Beyond 4 h., however, the metastable Si
phase was consumed, and recrystallized B-SiC was evident in EPMA analysis (not shown). This shows that
the reaction in (2) moves back towards the left when recrystallized equilibrium B..SiC forms. Due to the
absence of equilibration, tile Nicalon activity cannot be unequivocally established, lt is, however, possible
to obtain a lower limit for the activity based on the observation that equation (2) does proceed to the right
in this experiment. Equation (2) is the sum of the following reactions:

3SiC(Nicalon)-, 3Si(solid) + 3C AG 1 -, + 193,909 J/mole + RT ln(ac3/asic(N) 3) (3)

3C + 4A.6.].-_ AI4C 3 AG2 -. - 160,356 J/mole - RT In ac3aAl 4 (4)

where the numerical values are standard free energies of formation for SiC and AI4C 3 [18]. The standard
states are solid//-SIC, solid Si, and solid AI4C 3 respectively. The activity of Si is take-n to be unity given
the appearance of crystalline Si. The activity-of carbon in solution (a C) is assumed to be the same for both
equations 3 and 4; that is, local equilibrium of carbon with both the dtssolving SiC and the recrystallized

AI4C 3 is assumed. This is likely to be the case given the close physical proximity of the two phases and
the r_pid diffusion of carbon in the alloy melt. The activity of A]. is the experimentally measured value

(XA1=0.835, at which nal.-0.80 using activity coefficients for AI-Si melts from ref. 23). For reaction (2) to
proceed to the right, its tree energy must be more negative than the sum of those for reactions (3) and (4):

4 3
AG2 < AG 1 + AG2 ,= 33,553 J/mpl - RT lnaAl asic(n) ,

from which we obtain a lower limit for the activity and excess free energy of Nicalon R SiC:

4.6; AGexcess(NicalonR) > 13.9 kJ/mol.asic(n)
>

We can compare this value to the excess free energy attributable to grain boundaries:

AGgb ,. 3-tVm/2r

where 3' is the specific grain boundary energy, V m the molar volume of SiC (12.1 cm3/mol) and r the grain

radius (0.85 nm as deter_m_ned by X-ray line broadening and TEM [7]). For a reasonable value of the grain
boundary energy(-I J/m ), AG_b would,e21 kJ/mole. The measured lower limit for AGexcessappears
quite reasonable by comparison."-Notice that this excess energy is a large fraction (>20%) of-thd free energy
of formation for our reference #-SIC (Table I), confirming the fact that Nicalon is not accurately
represented thermodynamically by "phase pure" SiC, and that the higher activity should be take_l into
account when the reactivity of Nicalon fibers is considered.

.CJlgrim_tri¢ Measl_remen| ef Gralq Bound0ry Enthalpy during Gr_!n Growth
Although grain boundary and surface energies are important parameters for quantifying the driving

force in almost ali microstructure development problems, accurate values are not available for any ceramic
system. Indirect methods such as the measurement of dihedral angles have proved problematic due to
surface facetting [24], and in any case can only yield relative energies. Calorimetry during grain growth is
one of the few direct methods for the measurement of grain boundary energies. The heat evolved is a
direct measure of grain boundary enthalpy if no other processes are occurring simultaneously in the
material. (To obtain the free energy, the grain boundary entropy must of course be separately determined.)
lt appears that the first attempt to use this method was made in 1956 by Astrom [25], who reported a grain
boundary enthalpy for zinc. Special efforts were made in the design of a calorimeter to detect the
extremely small amount of heat released during growth from an initial grain size of 10 _m to a final grain
size of 1 mm, but nevertheless, the accuracy of the experiment was poor. More recently available processes

for fgabr_cat_ng ultrafine-grained materials [26] with correspondingly large grain boundary surface areas
(-10 m /m ) have made this method much more feasible, as demonstrated by Chen ct al. [27] in
microcrystalline metal alloys. Hero we report preliminary results for higher temperature ceramic systems.

Two types of samples (Si and TiP 2) were examined. Nanocrystalline Si was formed by crystallizing
electron-beam evaporated amorphous silicon films (0.75 t_m thick). Between 1.3-1.5 mg of the resulting
flakes were used as DSC specimens. Crystallization and grain growth were conducted in the scanning mode
(90°/rain) in the high temperature differential scanning calorimeter (bletzsch DSC 404) using alumina
crucibles under an atmosphere of flowing argon. Runs conducted with laboratory grade argon, ultra-high

z



purity (UHP) argon, and UHP argon passed over a heated titanium getter showed that thermal artifacts due
" to oxidation or the silicon were absent. Baseline and calibration runs were first conducted by measuring

the heat capacity or a sapphire disc as a function of temperature and comparing with literature values.
Transmission electron microscopy (JEOL 200CX and Akashi EM-002B) was used to examine the grain

• structure before and after grain growth. Flakes of nanocrystallin¢ TIO2(-200 orn thick) made by the inert
gas condensation process [28] were also examined. The as-received (black) TiO 2 flakes were first oxidized
in air at 350°C for 48 h., followed by 117 hours at 450°C. These temperatures are well below those at
which grain growth has been reported in this system [28-29]. After oxidation the flakes retained a l ew
visible gray specks that may indicate locallized regions that were still reduced. Grain growth was
conducted inside alumina crucibles in the calorimeter under static air, with a scanning rate of 50°/min.

The DSC output for a scanning run of amorphous silicon is shown in Fig. 4. At this scanning rate,
crystallization begins at 759°Cand peaks at 795°C. Electron diffraction confirmed that the silicon is
polycrystalline, and a microstructure with two grain sizepopul, ationscould be imaged in TEM. There isa
population of anomalously large grains 30-100 nm in diameter occupying approximately 20% of the
material by volume. Rather than acting as "seed" grains for discontinuous grain growth, it appeared that
the size of these grains remained static during the DSCexperiment. There was a "matrix" of much finer
grains on the order of 5 nm in size, which do coarsen during the DSC experiment, to a final grain size or
..20 nra. However, many grains are not clearly resolvable even after grain growth, and this estimate of the
"average" grain size may bein error by as much asa factor of two• The exothermic event in the DSC
output beginning at 932°C has the shape one would expect for a non-isothermal grain growth process [34-
35]. The total enth'_Jpy oi" this even: is -215 J/g (-6039 J/mole), -,vhic_ for ir_it;.zl and final grain sizes of 5
and 20 nm respectively yields a grain boundary enthalpy of --0.6 J/m", assuming spherical grains. While
this is not an unreasonable value, it is clear that more accurate measurements of the grain boundary
enthalpy will require a more well-characterized and uniform microstructure.

The DSC output for nanocrystalline TiO 2 (n-TiO2) is shown in Fig. 5. A clear ¢xothermic departure
from the baseline can beseen at 600°C. We attribute this to grain growth since previous studies have
found that grain growth begins in n-TiO7 above 550°C[36-37]. Grain size measurements have not yet been

made on these specific samples, but othe/'TiO 2 samples made by this method typically show a grain size of
12 nra. Assuming this to be the initial grain s_ze and a final grain size that is much larger, the total
enthalpy of.the grain growth exotherm (-10.26 kJ/mole) corresponds to a specific grain boundary enthalpy
of-l.l J/m z assuming spherical grains, which is quite reasonable. Hereasin the case of the silicon
samples, more accurate measurements will require a full characterization of the initial and final grain
structures.
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Figure 4. DSC output for crystallization and coarsening of araorphous silicon.

These initial results demonstrate that thermal analysis of nanocrystalline ceramics is feasible, and in
I •

particular that the evolved enthalples are well within the measurement sensitivity or current high
temperature calorimeters• The experiments to date also illustrate the areas of difficulty. Characterization
of the initial microstructure (initial grain bound:r, ry area) is perhaps the most important step. This is
clearly facilitated by uniform microstructures. I,g the initial grain size, shape, and size distribution can be
measured accurately, correspondingly accurate values for the specific grain boundary enthalpy can be
obtained.
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