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Phase quantification of 3-Si3zN4/3-SiC mixtures
by X-ray powder diffraction analysis*

J. P. NICOLICH, Z. LENCES*, W. DRESSLERS, R. RIEDEL

Fachbereich Materialwissenschaft, Fachgebiet Disperse Feststoffe, Technische Universitat
Darmstadt, 64287 Darmstadt, Germany

E-mail: dg9b@hrzpub.tu-darmstadt.de

X-ray powder diffraction methods of phase quantification were adapted and compared to
mixtures of 8-SizN4 and g-SiC. Multiline mean-normalized-intensity methods and whole
pattern analysis (Rietveld) both have advantages and disadvantages over each other.
Satisfactory results (less than 3% absolute deviation) can be achieved in minimal time
using intensity normalization methods. Phase quantification using the Rietveld method
requires significantly longer measuring time, evaluation time and expertise to obtain the
same results. © 2000 Kluwer Academic Publishers

1. Introduction two factors: Extensive peak overlap, particularly con-
Silicon carbide/silicon nitride composite materials arecerning theg-SiC phase due to the small number of
investigated by materials scientists for their improvedreflections and an extreme difference of peak shapes
mechanical properties over the single phases[1]. Supewhich can be troublesome even in whole pattern
plastic behavior [2] and exceptional creep resistance [3inalysis.
due to pinning of thg8-SisN,4 grain boundaries by nano ~ The aim of this article is to adapt and assess exist-
sizedB-SiC particles have been reported. Furthermoreing methods of phase composition analysis to mix-
new processing techniques have been developed to prares of 8-SisN4 and 8-SiC powders. The accuracy
duce silicon nitride/carbide composite materials, suctof the results are compared while maintaining routine
as hybrid processing [4]. Quantitative phase analysisample preparation techniques. No precautions against
of SiC/SkN,4 mixtures is necessary to fully character- preferred orientation of thes-SisNs powders were
ize these new ceramic materials. taken. Any useful method of phase quantification would
A number of methods exist for quantitative phasehave to be applicable by non-specialists with average
composition analysis of silicon nitride powders. knowledge of X-ray diffraction techniques using stan-
Gazzara and Messier [5] first proposed a multilinedard equipment. Whole-pattern techniques, notably the
mean-normalized-intensity method using peak heightsRietveld method, doubtlessly have many advantages
Mencik et al. applied a reference-intensity-ratio (RIR) over multiline techniques, but are usually much more
method [6]. Kall [7] studied the ratios of the-SisN, ~ complex and always more time consuming, not only in
(101), (210) anB-SizsN4 (102) and (210) lines using analysis, but in measurement in particular. In order to
a defined set of peak heights and integrated intensiprocess large numbers of samples a quick and simple
ties calculated from the Full Width at Half Maximum method of phase quantification is required.
(FWHM). A calculation of the calibration constants and
the influence of impurities is discussed.dtial. [8, 9]
extended Gazzara and Messier's work to incorporate
integrated intensities and error analysis. They also com2. Analytical method
pared their results to whole pattern (Rietveld) analysis2.1. Multiline mean-normalized-intensity
Devlin and Amin [10] proposed a reference intensity method
ratio (RIR) method circumventing the use of standardsThe multiline mean-normalized-intensity (MNI) meth-
Ruskaet al. [11] determined the quantitative com- od is based on selecting a few well resolved peaks and
position of SiC polytypes, including polytype 3@{ then calculating the angle and structure related con-
phase) by a combination of calculated X-ray intensitiegributions to the integrated peak intensity. Thus, the
and experimental calibration curves. unknown factor in the measured intensity is directly
Quantitative analysis of mixtures of silicon nitride related to the volume fraction of the component phase.
and silicon carbide powders is hampered mainly byFollowing Li et al.[8] the integrated intensity for Bragg
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peakj of phasd in a Bragg-Brentano diffraction pat- 2.2. “Kall” method

tern can be expressed as Another method for the determination®fSiC content
5 ) in SisNg is based on the work published byaKT7].
L= Co(mLpl FI2)ij (vi/Vi®) (1.1) For the clarity, the theoretical background is briefly
! 2u repeated. In this method of quantitative analysis inte-
grated intensities are used, which can be expressed by

whereCy is an instrument constant) the multiplic-

. S the formula:

ity factor, L, the Lorentz-polarisation factoyF |2 the

structure amplitude;; the volume fraction of phasen N Hhki o

the mixture,V; the unit-cell volume for phase andm Ihki = @512 1.30477NpjgHha - (2.1)

the linear attenuation coefficient of the mixture. The in-
tegrated intensities need to be converted to normalizegere N, is the maximum peak height of reflection

intensities (j}) according to (hkl) that is corrected for background and overlaps,
N lij Hnii is the full width of the reflectionikl) at half its
lij = R (12)  maximum height (FWHM). The correctdd?,, values
! were calculated by solving the following linear equa-
where tions:
(MLp|F|2);;
R'J - Viz (1.3) fl’le + fz,le +--+ fn,lNr? = Ny,

is the normalizing factor for ling of phasd . Finally, f1oNP + f22N7 + -+ 4 fa2NS = No,

the volume fractions can be calculated (assuming no

amorphous content):

In f1,n Nf + f2,n Né) +oe fn,n Nr? = Ny (2-2)

' T 1.4)

25! where f; ; are the overlapping factors amdi are the

As physical densities g8-SisN4 andg-SiC are nearly measured peak heights corrected for the background

identical, the weight fractions were equated with vol- (this correction was done by the software of X-ray

ume fractions. diffractometer). The overlapping factdr ; of peaki
The structure factors were calculated anew to give ®n to peakj was calculated according to

consistent set for each phase. The atomic coordinates

v =

from Rietveld analysis of the pure components (a mi- fij = (1+ K26, — 6 |2)*3/2 (2.3)
nor amount ofe-Si3Ny4 is always present ir8-SizNg

powders) were used in the calculations. The scatteringherek is equal to

factor data were taken from Hubhetlal.[12]. Anoma-

lous dispersion correction was calculated with data ac- 2(2/3 — 1)¥2 153284

cording to Cromer [13]. The initial structure data for k= = (2.4)

Rietveld analysis was taken from the ICSD database Hi Hik

[14]. In (2.3)i andj indi '
. . . . j denote the indices of the overlapping re-
The reflections an®; used fora-SisNs, f-SisNa,  factions, andg; — 6| represents the distance between
B-SIC and Si are listed in Table |. the two peaks. The intensity ratios were calculated ac-

o . cording
TABLE | Normalization factors,Rjj, used for multiline MNI |
i C
calculations Q= (2.5)
(In+1¢)
Substance hkl 20 (Cu-Ky,) Rij
. " 255 a5 1 where the indices n and ¢ denote two different phases,
! 220 473 ,3g I-€. nrepresents silicon nitridg{SisN4) and c silicon
311 56.2 143 carbide -SiC), respectively. The intensity dfikl) re-
B-SIC 111 35.7 37.0 flection from the phas¢ can be also expressed as
200 41.4 6.7
220 60.0 17.1 Kjmnknw;j
311 71.8 12.9 Ik = S fomr 0y (2.6)
222 755 1.9 Hom,i Wi
p-SiaNa ;ég ;3:‘11 ﬁ'; whereK jhi is a constant for the reflectiohkl), w; is
101 33.7 124 the weight fraction of the phasé = 1,2, ..., n) and
210 36.1 11.4  um; is the mass absorption coefficient of the phiase
a-SizgNg 101 20.6 8.6 TheKjnk) constant for singlg phase is equal to
110 22.9 37
200 26.5 2.7 ColL | Frpi|2e—2M
201 31.0 8.4 K iy = —> pm! k] (2.7)
J( ) V2
102 34.6 7.9 o
532 43122 ;'Z whereCy is the scale constanip the multiplicity of

the (ki) reflection, L, the Lorentz- and polarization
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factors,F the structure factoe=2M the Debye-Waller By combining (2.13) and (2.14) we obtain the weight
temperature factol/ the cell volume ang the density ~ fraction of theith phase in a mixture of phases

(p = u/um, ratio of the linear and mass absorption

coefficients). The intensity normalization step is thus W= Spi
similar to that of Liet al. [8], the Ky can easily be e Z?:l Sipj
converted to thdR;; of Equation 1.3. After substitution

of (2.6) into (2.5) this equation can be modified to thet, g\m up,
formula:

(2.15)

the three methods each have relative mer-
its. The MNI method can be performed very quickly
S Ke, on data measured from approximately 20=8% (Cu-
Q= We cl (2.8) Ku), provided that integrated peak intensities can be
(we ) Kei +wn ) Kpji) readily obtained. Peak intensities are replaced by peak
widths in the “Kall” method, at the expense of a few ex-
After dividing the numerator and the denominator bytra calculations. Although some Rietveld analysis pro-

> Kn.i the equation simplifies to grams automatically generate the weight fraction in the
output, it is far from trivial to setup and operate a sta-

Q= Kwe (2.9) ble Rietveld calculation. Data must be collected over a

~ (Kwe + wn) ' wide angular range in order to avoid indeterminacy of

the least squares calculation.
whereK =Y K¢i/ > Kpi. Assumingwe + wp = 1,
the weight fraction of SiC can be calculated according
to 3. Experimental
In sintered samples @f-SizN4/B-SiC materials the sil-

Wwe = # (2.10) icon nitride tends to form elongated grains which can
(KQ1-Q)+ Q) result in preferred orientation of the crystals. For this
) reason, two types of commercial, additive-f&izNg
The value ofQ is calculated from (2.5). materials were used: “BS” crystals are predominantly

equiaxed, recrystallized from-SizN4 which in turn

is produced by direct nitridation of silicon (grade SN-
2.3. Rietveld method BS, Denka, Japan). “SHS” powder was produced by
The Rietveld method and its applications to quantitativeself-propagation high-temperature synthesis (Institute
analysis have been well described in the literature (e.gof Macrokinetics, Chernogolovka, Russia). The grains
Bish and Howard [15], Hill [16]). Briefly, the intensity of the “SHS” powder are elongated up to 20 in
of a diffracted X-ray beam using reflection geometry islength [17]. Silicon carbide was commercial “Superior
defined as Graphite” (Grade 059). Grain sizes were determined by
SEM to be approximately &m for “BS” 8-SisN4 and
B-SiC.

The powder mixtures were prepared by homogeniz-
ing the weighed components in alcohol for 10 min in
whereC is a constant depending on the primary beanan ultrasonic bath, then 16 h on a rolling homogenizer.
intensity. Ry varies with the crystal structure and the Afterwards the powders were homogenized in the ul-
diffraction angle. The term, describes the linear ab- trasonic bath again for 5 minutes and dried for 2 to 3 h.
sorption coefficient of the mixture. In a powder mixture, Powders were packed into the sample holder cavity and
the contribution of phase to the integrated intensity pressed with aflat glass plate to ensure a flat sample sur-

1
Ihi = C(Eum> Rhki (2.11)

Ih is given by face. Keeping routine preparation techniques in mind,
no special measures were taken to prevent preferred

W, om (1 orientation. Furthermore, the effects of sample trans-

okl = - C(éﬂm) Rhki (2.12)  parency which can lead to erroneous intensity values

and peak shifts in light element materials on a Bragg-
Brentano diffractometer were ignored.

Two series of powder mixtures with variable sili-
con carbide contents were prepared—series “A’ with
W 1 “SHS” silicon nitride and series “B” with “BS” sil-

S = “_pmc(_ﬂm> (2.13) icon nitride. Both series were measured in Bragg-
Pa 2 Brentano geometry on a standard powder diffractome-
. ter (Siemens D5000, Karlsruhe) using Cytadiation.
In Equation 2.13 botW, and .y are unknowns, but  The measuring parameters were varied to simulate a
the latter can be eliminated by the requirement that thau|ck routine measurement (Series A) and a “normal”
sum of all weight fractions must be equal to unity. For ygutine measurement (series B). The data were col-

W, is the weight fraction of phase. The scale factor
of phasex derived from Rietveld analysis, is

a two-phase mixture we can write lected over an angular range of 20 to°6% with a
step interval of 0.0329 and 4 s per step for series A,
W, — W, (2.14) series B used a step interval of 020 and 2 s per
W, + W ' step. Sample holder cavity depths were approximately
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3 mm for series A and 1 mm for series B. Irradiated weight fraction Si,N,
sample volumes were estimated to be equal within ¢ 09 08 07 06 05 04 03 02 01 O

purey

B-SiC (111) and (220) reflections are somewhat overg

5 — r r
series. The divergence slits were set to°0d series 4l By I
Aand 0.27 for series B. s | -

The B-SigNy4 reflections used for the analysis arethe | s e *

same as reported by Gazzara and Messier [5]. The ca I M |
of B-SiC is more difficult, because the (200) reflec-g ol o & ' N
tion has ad-value identical to thgs-SisN4 (201). The g N e . “

-2

lapped, but are either sufficiently resolved by the profile% | e

analysls Software’ Or the Intenslty Of the Overlapplng re- _3 ................................................................................................

flectlon Can be neglected. A“ Other SIC reflectlons aISC _4 ............................................................................................................ .

suffer from peak overlap and low relative intensity. 2 o1 02 03 04 o5 06 o7 o8 o8 1
Integrated intensities were determined by profile fit- weight fraction SiC

ting using the “PROFILE” software of Siemens. A split-
Pearson-VII function was applied to both silicon nitride Figure 1 Absolute error_of calculated weight fractions, series A. Results
and silicon carbide reflections. Rietveld analyses werd" Multine MNI calculations.
performed using the GSAS package [18].

A minor amount ofa-SisNg was present in the weight fraction Si N,
B-SisNs powders. A quantitative analysis following 09 08 07 06 05 04 03 02 01 0

pure

the MNI-method of Gazzara and Messier [5] and Li —

etal. [8] as well as Rietveld analysis gave a weight | ,

fraction of approximately 0.1@-Si3N4. This value was . .

held constant in the following MNI calculations. S . o - |
Contrary to mixtures of the andg phases of N4, & . . R

the accuracy of a quantitative phase analysis can bg N “ R s

estimated by comparing the results determined by exg

periment to the amounts weighed. On the other hancs

an error analysis was omitted because only one Si pee

and two SiC peaks could be seriously considered.
Measurements for Rietveld analysis were opti- : : : : S : : .

mized to obtain the best possible data set. A powde 0 01 02 03 wg;gh”gfﬁonos'?c 07 08 09 1

diffractometer in Debye-Scherrer transmission geome-

try (Stoe, Darmstadt) was selected. A primary beam Gé&igure 2 Absolute error of calculated weight fractions, series B. Results

focusing monochromator delivered CurKradiation. ~ ©f multline MNI calculations.

The sample was rotated during measurement. The data

h oAb Lo anvw s oo
‘ ——————r—

were collected on a position-sensitive detector. gl 00 02 o7 o8 o5 o4 03 o2 o1 o
I [ ] SiC-AI
15 R
4. Results and discussion 10 b @

4.1. MNI method
It is common among papers on quantitative analysis ttg 5 |-
present results in the form of absolute error. Figs 1 ang
tween the weighed and determined amount, versus tt
weight fraction of SiC for series A and B, respectively.
The main differences between the A and B series ar _ -
grain shape and measuring time. The B series silicol 0 01 02 03 04 05 06 07 08 09 1
nitride crystals are equiaxed and the powder mixture. weight fraction SiC

were mea__c,ured longer. These_ _parfameters do nOt_seq!iBure 3 Relative error of calculated weight fraction f8¢SiC, series

to greatly influence the quantification results particu-p resuits of multline MNI calculations.

larly because a multi-line method is being used. The

relative errors are given for the A series in Fig. 3. As

it would be expected, the relative error increases con-

siderably for low values of SiC. This can be attributedthe -SiC weight fraction below 0.15-0.20. However,
mainly to the problem of determining the integrated Fig. 4 makes clear that it is quite difficult to determine
intensity. Due to the super-lorentzian peak shape [19]a low SiC phase content by any method, since 5 wt%
the peak is almost completely dissolved into the backis close to the detection limit.

ground for weight fractions of 0.10 or less. In this case, In particular, Fig. 3 shows that it is possible to re-
the silicon carbide (220) peak could not be detected gproducibly estimate the phase contentge8iC in -

5 wt% and below. Because of the short measuring timé&izN,4 within 3% above a silicon carbide weight fraction
of the series B data it was not reasonable to determinef 0.2.

or (%)

ati

B T, ll i ist iissiiii s p
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B T TABLE Il Average overlapping factorg j, used in calculations of
2000 | . X Sic 220 o 1 peak widths (Kl method)
o SiN, fij Value

__ 1500
£ f111101 392x 1074
§ f111210 3.70x 1072
g‘ooo i flOllll 9.13x 105
2 f101210 5.20 x 1075
h fa10111 1.25x 1072
0 f210101 6.89 x 107

[}

0

BB M ees2hencuian - ¥ TABLE Il Theoretically calculatel ki) values for-SisN4 ands-

SiC, including densitiesd) and linear absorption coefficients)used
Figure 4 X-ray diffraction pattern of8-SiC (220) at 10% weight frac- ~ for calculation ofK ki (Kall method) [20]
tion.

Parameter B-SiC B-SizNg

p (g-cm3) 3.216 3.201
4.2. “Kall” method n (em™) 141.112 126.299
In this part of our work the data from series A, and theKﬁ;E 2_59690'5 849012
following reflections have been used for calculations:,,, _ 80923.1

(101) and (210) foB-SisN4 and (111) forg-SiC. The
advantage is that the XRD measurement need only be
done for a narrow angle rang® 2= (33°; 37°). For

TABLE 1V Absolute difference of calculated minus given weight

these peaks the intensity ratio is fraction analyzed by Rietveld method
Parameter 50/50-mixture 70/30-mixture
Q= l111
- (Illl + |10l —|— |210) ’ Counts,ﬁ-Si3N4 (200) 9000 2300
B-SizNg —-1.3% +3.4%

-Sj 0, — 0,
The data required for the calculation of integrated in~51¢ 8% 3.0%

tensities according to (2.1), i.Blk, 16; — 6;| andNny
were determined from the X-ray diffractogramdpy
was measured in a light microscope equipped with ¢
micrometer scale. If available, this operation also car
be done by XRD profile software.
Based on measured data the overlapping factorsweig 2 [ T
calculated and are listed in Table II. Except for diago-5 ' B e
nal overlapping factors, which are equal to unity, only2 ©
the f111210 and 10111 overlapping factors were in- 1
cluded into the calculations in Equation 2.2, becauseg -2 o : e @
3
4
5

solute erro

the influence of the otherd(; < 1073) on final values
of integrated intensities was negligible. Finally, ihe

SiC content was calculated according to Equation 2.1C - ‘ ; ‘
with the value ofK = 1.56606 on the base of the data 0 02 O action 08 !
listed in Table Ill. It must be remarked that the cal- welght fraction S

culatedK; values are valid only for Bragg-Brentano Figure 5 Comparison of calculated and weighed-in fractiongeSicC
powder diffractometer data. The calculated values wergall method).

compared with the regd-SiC content added, and the

results are shown in Fig. 5. As can be seen, there is a

good agreement between calculated and a@e@iC  4.3. Rietveld method

content, and the accuracy is in the range8fwt%. If  Two measurements were made on the Stoe diffractome-
only peak heights corrected for background were useder which differ by the phase composition and duration
the deviation wast5.5 wt%, what is acceptable for of measurement. A mixture of 50 wt% silicon carbide
rough estimation oB-SiC content in3-SisN4. It must  and 50 wt% silicon nitride was measured so that approx-
be noticed, that this method may be used only for wellimately 9000 counts were detected for the highest peak.
crystallized materials, without amorphous phase and\pproximately 2300 counts were detected for a mix-
a-SiC. Use of powdered samples is recommended, beure with 30 wt% silicon carbide. It should be noted that
cause e.g. in bulk hot pressed materials, the preferredifferent data sets were used for MNEKand Rietveld
orientation of elongate@-SisN4 grains is very strong methods because the requirements are much higher in
and noticably influences the peak intensity ratios. Ifthe case of Rietveld analysis. On the other hand, use of
the powder mixture containg SizNg4, (102) and (210) transmission geometry data sets are not recommended
reflections of this phase should be included into thefor use with the MNI method due to the uncertainty of
calculations as described byaK[7]. the absorption coefficients.
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