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X-RAY ENERGY DISPERSIVE SPECTROSCOPY OF
INTERGRANULAR PHASES IN B11 B' SIALONS*
T.R. Dinger and G. Thomas
Department of Materials Science and Mineral Engineering,
Materials and Molecular Research Division,
Lawrence Berkeley Laboratory,

University of Califomia,
Berkeley, California 94720

ABSTRACT

X-ray energy dispersive spectroscopy in conjunction with scanning
transmission electron microscopy was used to qualitatively and semi-

quantitatively characterize retained noncrystalline phasesvin several

compoéitions of B11 B' sialons. Diffuse dark field imaging in |

‘conventional transmission mode was used to identify noncrystalline

phases prior to x-ray microanalysis. Results show that partitioning
of Al and impurity atoms does not occur for these compositions except
in isolated cases. In addition, Fe impurities appear to be readily
incorporated into the matfix phase.

INTRODUCTION

The use of silicon nitride ceramics for structural components of

high temperature gas turbine engines and the problems associated with

the fabrication of these ceramics are well documented. Alloying of

1 in England and

SigN, with A1,0, was first proposed in 1972 by Jack
Oyamazin Japan with the simultaneous discovery of the 8' solid solution

field in the Si3N4-3102-A1203-A1N system. With this discovery came the

realization that single-phase silicon nitride ceramics could theoretically-

be fabricated by incorporating the transient 1iquid phase necessary for

*presented at the Advances in Materials Characterization Conference,
University Series on Ceramic Science, Alfred University, Alfred, NY,
August 16-18, 1982.
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densification into the crystalline matrix phase.

Numerous attempts at fabrication have resuTted in alloys with
properties comparable to those of hot-préssed silicon nitride. However,
these a]]bys still retain various amouﬁts of intergranular phase which v
degrades the high temperature properties of the ceramic. Retéention of
this noncryéta]]ine intergranular phase has been attfibuted to
voTati]izatioh of N2 and Si03 during fabrication resulting in compositions
lying outéide the single-phase field, to segregation of impurities in the

grain boundary phase4’5, or to thermodynamic and microstrdttura]

restrictionsﬁ. _

The purpose of the work presented in this paper was to determine
whether segregation of impuritieé or Al partitioning was occurring,
and whether these mechanisms could then be interpreted as a cause for
- the rétention of noncrysté]]ine intergranular phases in low A1 B'
solid solution alloys. -

Because of the véry sma]]vsca]e of the intergranular phase pockets -
(often smaller than 50 nm), ana]ys{s using transmission electron micro-
scopy (TEM) and scanning transmission electron microscopy (STEM) in
conjunction with x-ray energy dispersive spectroscopy wés required to
obtain the necessary spatial resolution.

EXPERIMENTAL PROCEDURE

Alloying of S1‘.3N4 with A1203 is a process that is filled with i
compromise. Large additions of alumina result in readily sinterable
ceramics with excellent oxidation r‘esistance]’7 but with poor thermal

8-10

shock resistance . With this in mind, compositions with low Al

content corresponding to 811 (11 eq.% A]+3) where chosen lying close



to the B' solid solution field in the B'ss-SiZONZ-X] compatibility
triangle (see Figﬁre 1). These compositions were chosen to suppress

the formation of 5120N2 and the mullite-like X]-phase, therefore producfng
an essentially two-phase material containing 8' solid solution and
retained nonCrysfa]]ine grain boundary phase.

The results of an emission spectrographic analysis of the Si3N4,
A]203, and AIN starting powders appear in Table 1. The powders were
weighed, milled, and mixed in an attrition mill with A1203 balls for
12 hours in n-hexane. The wear of the balls was taken into account in
the final composition. ’The mixed powders were then dried, sieved, and
hot-pressed in -BN-coated graphite dies under 35 MPa pressure at 1770°C
or 1780°C for 45 or 60 minutes. After firing, the surface layer was
removed by mechanical grinding, and bulk density measurements were
made by the Archimedes method. Phase analyses were made by x-ray
diffraction using a Philips goniometer with Cu Ko radiation and a LiF
sfng]e crystal monochromator. The compositions of the specimens, hot-
pressing conditions, and results of the analyses ake summarized in
Table II. Since composition A did not fu11y densify, further micro-
structura]vana1ysis was not deemed necessary.

In order to prepare electron transparent thin sections, hot-
pressed discs were first thinly sectioned on a diamond wafering saw
before being mechanically ground with SiC paper to thicknesses of
approximately 50 um. After attachment to 3 mm copper grids with a Ag-
baséd cement, sectioné Were further thinned by ion milling with 6 KV
argon .ions at a 20°angle of incidence. A thin layer of carbon was then

evaporated onto the surface of the sample to help alleviate the problems



associated with surface charging.
The electron microscopy of compositions B through E was done in a
Philips EM400 transmission electron microscope equipped with scanning
coils and a Kévex micro-x 7000 analytical spectrometer. Specimens _ y
were initially examined in conventional TEM mode using the technique v
outlined by_Krivanek'et a1.13 to identify ndncrysta]]ine intergranu-
lar phases. In this technique, only those electrons which have under-
gone diffuse scattering by the noncrystalline phase are allowed to
form thé image. Thus, the noncrystalline regions appear light on a
dark background in dark field.
After the initial identification of intergranular phase pockets
of sufficient size for x-ray microanalysis, the microscope was
switched to scanning mode using a nominal probe size of 10 nm. Al1l
microscopy was done using electrons of 100 KeV incident energy. X-ray
spectra14 were obtained in the energy range of 0 to 10.24 KeV with a
éhanne] width of 10AeV. Spectra were acquired by count integration on
the Si K, peak. These integrations were for 10K, 20K, 50K, or 100K
counts, with nofma] acquisition times being 300 to 350 seconds per 1024
channel spectrum depending on the thickness of the specimen. This
technique permitted analyses for a11 elements of interest except
nitrogen and oxygen. |
DISCUSSION OF RESULTS ' i
The initial examination of the series in conventional transmission v
mode resulted in the bright field/dark field micrograph pairs of Figure
2 through Figure 5, representing compositions B through E, respectively.

As would be expected from the composition data and Figure 1, the amount
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of noncrystalline phase and the size of noncrysta]]ine phase pockets
increases in the series moving from composition B to composition E. These
grain boundary phases appear in 1light contrast in the dark field micro-
graphs with the larger pockets being labeled (g).

The results of nearly 80 comparative spectra are represented, for
the most part, by Figure 6-thr6ugh Figure 10. As can easily be seen from
Figure 6, very little, if any, distinction can be made between the
spectra corresponding to the noncrystalline intergranular phase (solid
line) and to the crystalline phase (dots). This tendancy was strong in
all four compositions examined indicating that little or.no partf-
tioning of Al had occurred. The Cr and Cu peaks apparent in all specta

15. Note that the

are systems background and will not be treated further
Fe impurity peak appears with equal intensity in both the crystalline
matrix phase and the'noncrysta11ine intergranular phase. The equivalent
Si/A1 ratios hint at different O/N ratios between phases as a reason for
retention of the noncrystalline grain'boundafy phase.

The comparatiye spectra of Figure 7 illustrate one of the rare
instances where Ca impurities wére found to be segregated in the grain

)16:17 " Even in this case, the Ca peak is barely

boundary phase (dots
éignificant above‘background, but is definitely of higher intensity
than that of the crystalline matrix phase (solid line). This effect
was not apparent in the remainder of thé-samp]e or in other compositions
of the series.

The spectra of Figure 8 illustrate one of several instances in

which the noncrystalline phase was found to be rich in Si. One possible

explanation for this is that the crystalline phase probed corresponded to

el



an X] phase grain exhibiting a much higher Al content. This does not
seem probable, however, due to the distinctive elongated and often

twinned morpho]ogy]8

of the X1 phase which was not observed. A simpler
and more acceptable explanation is that a local inhomogeneity has "
resulted in the noncrystalline phase being enriched with Si. v
| The STEM micrograph of Figure'é illustrates Fe-rich inclusions
(arrowed and in dark contrast) which have perhaps provided the most
interesting results of the investigation. The comparative spectra of
Figure 10 arise from the Fe-rich iﬁc]&sion (arrow), the adjacent non-
crystalline iﬁtergranular phase (-), and the adjacent crystalline matrix
phase (..). Jack]9 has indicated that fncorporation of impurities
such as Ca and Mg into the sijalon phase coﬁ]d oécur in much thé same
way as the substitution of Al as'1ong as charge neutrality is maintained.
The homogeneous distribution of Fe in both the matrix and intergranular
phases may indicate that this argument should be extended to include Fe
impurities as well. Fe-rich inclusions of this type wefe found only in
composition E, but in each case, the spectra were similar to those of
Figure 9. |
CONCLUSIONS
The four B11 B' sialon compositions examined by transmission electron
microscopy, scanning transmission electron microscopy, and x-ray energy
dispersive spectroscopy were found to contain various amounts of non- RS
crystalline intergranular phase depending on the composition used. v
The amount of intergranular phase present increased, as expected, with
increasing oxygen/nitrogen_ratio. X-rayvenergy dispersive spectroscopy
indicated that all compositibns were homogeneous with respect to silicon/

aluminum ratios between crystalline matrix and non-crystalline grain
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boundary phases with few exceptions noted. Impurity distributions

were found to be equally homogeneous with the exception of Ca which tended
to segregate in noncrystalline grain boundary phases. This is in

contrast to earlier investigations which have found the intergranular
phase to be a sink for several types of impurity atoms. In addition,
localized Fe impurities have been found to be accommodated by both the
matrix and intergranular phases in a homogeneous manner. This lends

support to Jack's theory that impdrity phasesmay be incorporated into

" the matrix in these solid solution materials.
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Isothermal section of the Si-A1-0-N system at 1750°C after

Naik et a1,

Compositions B, C, D, and E were used in the
investigation. | |
Bright field/dark field pair of composition B. Note non-
crystalline phases which appear in light contrast in dark field
and are labeled (g).

Bright field/dark field pair ih composition C. Noncrystal-

line grain boundary phases are denoted by (9).

Bright field/dark field pair of composition D. Noncrystal-

line phases are denoted by (g9).

Bright field/dark field pair of composition E. Noncrystal-

line phases are denoted by (g).

Typical comparative spectra of the four compositions analyzed.
The intergranular phase is denoted by (=) while the crystalline
phase is denoted by (...). |

Nontypical comparafive spectra for composition D illustrating

a very slight-Ca enrichment in the noncrystalline intergranular
phase.

Nontypical comparative spectra for composition E illustrating
an apparent enrichment of the noncrystalline phase (=) with Si.
STEM micrographvof Fe-rich inclusions and surrounding micro-

structure in composition E.

. Comparative speétra for Fe-rich inclusion (arrow) and sur-

rounding crystalline (=) and noncrystalline (..) phases in

composition E.
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TABLE 1

Chemical Composition of Starting Powders*

Amount Present (wt.%)

a-SiaNy AN A1,03
Starck, Berlin Starck, Berlin
Element HCST 3510 HCST 530 Alcoa A 16
STiotal 60.1 - i
Al : 0.06 65.03 52.9
0 2.0 3.12 47.04
- N 37.1 31.85 -
Fe ©0.01 - -
K 0.001 - -
C 0.4 - -
Ca 0.03 - -
Ti 0.002 - -
Li 0.0005 - -
S1free 0.5 - -
Mg 0.003 - 0.06
Na 0.003 - -
W 0.01 -

*Emission spectroscopy. Data provided by Dr. J. Weiss and Dr. P.

Greil, Max-Planck Institut fiir Metallforschung, Stuttgart, West
Germany!2, .

—
g



TABLE II.

Chemical Compositions, Hot-Pressing Conditions, Bulk Density,

and Phase Compositions of Sialons Examined**

Eq. % Tsmp. Time Densi%y Phases
3 A 0 N (°c)  (min.)  (g/cm?) (XRD)
A 89.4 10.6 7.5 92.5 1780 60 2.67  B'ss, Si,ON,
B 89.4 10.6 9.2 90.8 1770 45 3.150  B'ss, Si,0N,
C 89.4 10.6 10.9 89.1 1770 45 3.136  B'ss, Si,ON,
D 89.4 10.6 12.6 87.4 1770 45 3.116 B'ss, Si,0N,,°X,
E 89.4 10.6 14.0 86.0 1770 45 3.103 B'ss, Si20N2, X4

**Data provided by Dr. J. Weiss and Dr. P. Greil, Max-Planck-Institut
fur Metallforschung, Stuttgart, West Germany!Z.
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