View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Lehigh University: Lehigh Preserve

Lehigh University
Lehigh Preserve

Theses and Dissertations

1-1-1978

Thermal Properties and MlcroBtructurc of a
Bonded Silicon Carbide Refractory.

Eric John Minford

Follow this and additional works at: http://preserve lehigh.edu/etd

b Part of the Materials Science and Engineering Commons

Recommended Citation

Minford, Eric John, "Thermal Properties and MlcroBtructurc of a Bonded Silicon Carbide Refractory.” (1978). Theses and
Dissertations. Paper 2148.

This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an

authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.


https://core.ac.uk/display/228650578?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://preserve.lehigh.edu?utm_source=preserve.lehigh.edu%2Fetd%2F2148&utm_medium=PDF&utm_campaign=PDFCoverPages
http://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F2148&utm_medium=PDF&utm_campaign=PDFCoverPages
http://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F2148&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/285?utm_source=preserve.lehigh.edu%2Fetd%2F2148&utm_medium=PDF&utm_campaign=PDFCoverPages
http://preserve.lehigh.edu/etd/2148?utm_source=preserve.lehigh.edu%2Fetd%2F2148&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:preserve@lehigh.edu

Thermal Properties and Microstructurc of

Bonded Si{licon Carbide Refractory

by

Erfc John Minford

A Thesis
Presented to the Graduate Committee
of Lehigh University
fn Candidacy for the Degree of
Master of Science
in

Mectallurgy and Materials Engincering

Lehigh Universicy

1978



ProQuest Number: EP76421

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript

and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest EP76421
Published by ProQuest LLC (2015). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 - 1346



Certificate of Approval

This thesis is accepted in partial fulfillment of the

requircments for the degree of Master of Science.

9974

dete)

/Professqgr in Charge

Chairman of Depn;tmcnf

i1



THERMAL PROPERTIES AND MICROSTRUCTURE OF A BONDED
SILICON CARBIDE REFRACTORY

Fric J. Minford

The effects of high temperature service in a zinc
retort on the thermal properties and microatructure of a
s{licon carbide refractory body were determined. Saaplen
{in the 'as-received' condition as well as sanples taken
from bricks after threce years of continuous service were
examined. Thermal diffusivity of the samples was mcarurcd
by the laser-flash technique. The ‘as-recelived' snanmples
exhibited values of thermal di{ffusfivity 20 to 30 percent
lower across a broad temperature range than the sanples
which were in service. The lincar thermal expansion was
measured on an automatic dilatometer. The coefficient
of thermal expansion of the 'as-received' samples was
mneasurced to be 15 to 20 percent higher than the samples
which had been in service. X-ray diffraction analvsin
showed the bonding matrix of the 'as-received' sanmples to
be multi-phase, composed of a-and ﬁ-Si;Na and Slzﬂzﬂ.
The diffraction analysis of the three year service sanmples
showed thelr matrvix to be composed primarily of S{)7N-0
with some a-and b=51i4qN, present, Scanning eclectron mic-
roscopy was used to examine fracture surfaces of the
sanples. The bonding matrix of the 'as-received' saamples
appeared to have grains of two distinct morphologien; the

three year scervice sanples exhibited grains of only one



of these forms, Optical oicroeoscopy and pgraln size Jdin-
tribution analv-. s show the «flfcon carbide gratns .o bhe
very stable. The average prain size of the sample fror
the {nside face of the retort wall was slightly higher
than that of the 'as-received' sample. The average pgrain
size of the outuide face sample was lower than that ot
the 'as-recefved' sample. The threo vear service snamplens
appear to be much lens porous than the 'as-recefved'

samples.
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ABSTRACT

The effects of high temperature rervice In a zinc
retort on the thermal properties and microstructure of «
silicon carbide refractory body were Jdetermined, Samples
fn the 'as-received' condition as well as wamples taken
from bricks after threce yecars of continuous service were
examined., Thermal diffusivity of the samples was mcansured
by the lascr-flash technique. The 'as-recelved' samples
exhibited values of thermal diffusivity 20 to 30 percent
lower across a broad temperature range than the sanmples
which were In service. The lincar thermal expansfon wasn
measured on an automatic dilatometer. The cocfflicient
of thermal expansion of the 'as-received' samples was
measured to be 15 to 20 percent higher than the samples
which had been In service. X-ray diffraction analysis
showed the bonding matrix of the 'as-received' sanmples to

Y

be multi-phase, composed of a-and 8-S148, and S{,N;0.

4
The diffraction analysis of the three year service samples
showed thelr matrix to bv composed primarily of S{,2N50
with some a-and £-S{qN, prescent, Scanning e¢lectron mix-
roscopy was used to examine fracture surtfaces of the
samples. The bonding wmatrix of the 'as-recedived' samples
appeared to have grains of two distinct morphologies; the
three vear service samples exhibited pgratus of only one

of these foruas. Optical microscopy and prafion size



distribution analysis show the silicon carbide grafnas te
be very stable. The average grafn stze of the sample

from the fnsfde tace ot the retort wall was sliyhtly high-
¢r than that of the 'as-received' aample. The average
grafin size ot the outside face sample was lower than that
of the 'as-recceived' sample. The three vear scrvice
samples appear to be much less porous than the 'as-

recedved' samploes.



Introduction and Statcnment of the Problen

Sflicon carbide has been manufactured for over 895
years. Inftially 1ts primary uses were {n gem cutting
and abrasive applications; however, soon after afune-
teen hundred, the refractory propertics of s{licon
carbide became {mportant. Since then the applications
of silicon carbide refractorfes have steadily {ncreas-
ed. Uscs of silicon carbide refractory shapes {nclude
kiln furnfture, retorts, and condenscrs In zinc refin-
itngl, furnace muffles, gas scrubbers, recuperators,
reheating furnace skid ratla, slag-lines of coal-
fired boilers, blast furnace downcomer clbows, dust
collectors, coke shute llnen, blast furnace wear plate,
blast furnace splash-plate, troughs, runners, cinder
notches, and open-hearth roofs tn the steel 1nduutry2.
and linings for aluminum reduction cellsl. Qther
spectal applications include use as vrocket nozzles,
turbine blades, brazing Jjigs, and many others.

In 1929 the New Jersey Zince Company began using a
vertical retort process for the distillation of zinc
vapor from oxide ores. The feasibility of this pro-
cess was dependent on the excellent thermal conduct-
{ivity, good hot strength, and resistance to attack by
zinc liquid and vapor of silicon carbide refractory

shapes. These vertical retorts arev operated contin-



uousaly at tenmperatures in the range of 1300 to 1600K
for several years.

The purpose of this study was to determine the
ceffect of high temperaturc service {n a zinc retort on
the thermal properties and microstructure of a snflicon
carbide refractory body. 'As-rcccived' sanmples and
samples taken from bricks after three years of service
have been examined. The thermal propertics of interest,
thermal diffusivity and thermal expansion were measured
as a function of temperature up to the service temper-
ature range. The microstructurce was characterized by
optical and scanning eclectron microscopy. Phase iden-
tification was made by x-ray powder diffraction analy-

gis.

I~



IT. Literature¢ Review
Silicon Carbide History and Processing

For many ycars silfcon carbide has been used for
abrasives, refractorfies, and heating c¢lements be-
cause of 1ts unique properties prominent for thesnc
applications, fincluding high hardness, excellent ther-
mal stability and good high temperature clectrical
conductivity. The silicon carbide generally used is
a combination of several of the alpha and the beta
crystallographic forms. The beta phase has a cubic
sphalerite structure, while the alpha polytypes, of
which there have been 70 {dentified, have hexagonal
layer structures characterized by different stacking
sequences of a 'wurtzite-like' structure’. Beta
silicon carbide is the low temperature form, stable
to approximately 2400K, where it transforms to one of
the alpha forms.

Commercially, silicon carbide 18 usually manufact-
ured by packing silica and carbon around a graphite
resistor and heating to cause the reaction:

S102+3C+SiC+2C0
Oéhgr methods for producing silicon carbide {include
substitution silicon for silica to avoid the need for
additional carbon, use of a 'hot wire' process to re-

duce volatile silicon halides in hydrogen, adding



carbon to a molten high-silicon alloy, and reacting
nolten or vaporized silicon with carbon. Using the
reacted sflicon carbtde graln, refractory bodv jpro-
duction began with the use of bhonding agenta, The
first bonding materianl for sfilicon carbide refract
ies was a mixture of minerals and clayvs which foraed
silicates during firing. These wares have become
widely accepred for good strength, oxtdation resint-
ance, heat conduction, and ability to withastand wcar
and corrosion. As would be expected, the refractories
are severly 1imited by the softentng of the sflicate
bonds in the range of 1750-1850K.,

According to Butlcrl, the first major breakthrouph
fn silicon carbide refractory technology occurred with
the utilizattion of silicon nitride {nstead of sflicates
as a4 bond phasce, The silicon nitride, which can be
formed 'in-situ', {s much more refractory than silicate
bonds. 1t does not melt up to {ts dissociation point
of 2200K; thus it would be expecred to, and in fact
does, retain usceful strength to much higher tenper-
atures than silicate bonds.

Washburn and Love3 have reported propertivs of
a sillcon carbide refractory with a complex nitride
bond. The bond phase fs a combination of varfous
nitrides of silicon with the major nitride present

being silicon oxynitride, They report that the



mechanical breakdown characteristics of the nitride
and oxynitride are different. The nitri{de-bonded pro-
duct reafsts a high initial {mpact on crushing, but
once broken, ft crushes casily. The product with an
oxynitride bond, however, has a lower {npact resist-
ance, but in cruashing further, it {s more difficult

to break down than the silicon nitridc-bonded material.
Guzman, et allb, in a comparative study of nitride and
oxynitride-bonded bodies, found the propertices quite
comparable with the nitride-bonded body slightly
better in high temperature deformation behavior.

Waﬂhburn7

compared the oxidation resistance of
silicon oxynitride and silicon nitride at several
temperatures in afr. He found that although both
matcerials showed about the same welight gain, there

was considerably more change in the chemistry of the
silicon nitride specimen, reflected primarily in the
formation of oxynitride and silica. Zabruskova, ct
a18 examined the high temperature stability of s{licon
oxynitride. They report that silicon oxynitride (s
stable up to 1600K in an {nert atmosphere, and that
above this temperature it {s volatilized, especially
at temperatures above 1825K. In oxidizing atmospheres
they found {fts stabilicty is determined by the nature
and degrece of reaction between the silicon oxynitride

and the components of the gaseous atmosphere, and the



nature of any resulting new compounds. They alro re-
port that si{licon oxynitride reacts vigorously {in the
gascous atmosphere created by a silfcon carbfde furnace
at 2050K and above resulting fn the formattion of cristo-
balfte and silfcon nitride.

2 tesated many avail-

Kappmeyer, Hubble, and Powers
able bonded s5ilicon carbide refractorifes with respect
to those propertics most desirable {n steel plant en-
vironments. They found that, on the average, the
nitri{de - and oxynitride - bonded bodies had higher
hot strengths and better abrasion resistance, al-
though there were some oxide-bonded bodies with squiv-
alent properties. In slag tests the nitride - and ox-
ynitride - bonded silicon carbide refractorices were
superior.

The next majJor advance in silicon carbide pro-
cessing occurred {n the form of dircect or self-bonding.
The oldest method of self-bonding, recrystallization
at high temperatures, s discussed by Billington, et
al9. Pellets and test bars of alpha silicon carbide
were pressed at 70 MPa and then fired in nitrogen at
between 2200 and 3000K. Densities of about 2.6 g/cm3,
near 80 theoretical, resulted with little or no
shrinkage observed at firing temperatures below 2800K.
Those observations led to the conclusion that the sin-

tering of silicon carbide proceeds by efther surface



diffusfon or vapor phase transport,

Hot pressing with additives {5 discussed by Allferro,
et allO, wvho discovered that densities greater than
3.0 g/cm3 can be achieved by hot presning efther the
beta or alpha forms with the addition of 17 hy weipht
of aluminum and {ron. Pressures as low as 40 MPa with
temperatures around 2300K can be used. Other elements
have been examined as potenttial hot pressing aides,
but Alliegro obscrved that {ron and aluminum causce
the greatest densification, {.¢. to greater than 98%
of theoretical Jdensity. These dense silicon carbides
are found to exhibit e¢xcellent hot strengths, approach-
ing 700 MPa at 1800K.
Thermal Diffusivity

Thermal diffusivity ts the property of a material
which determines the transient heat flow through the
material and is expressed in nllsec. The thermal
diffusivity (a) {s related to the thermal conductivity
(x7», density (p), and heat capacity (Cp) by the cquation:

(1)

1 P —
p.e
The flash method of weasuring the thermal diffusiv-
ity vas first introduced by Parker, et ar!l 4n 1961,
This method fnvolves introducing a short pulse of

radliant e¢nerygy onto the front face of 4 thin, disc-

shaped sample with parallel faces and then recording



the temperature transient of the rear face. From thims
record, the thermal diffusivity can be calculated,
Parker, et al, showed that the teumpcerature rise of the
back face of the sample s desncribed by the cvquatfon:

Vel42 ; (-l)ncxp(—nzu). (.)

n=1] , .
where Vo=T/Tmax {5 a reduced temperaturc, mam~t/L,
4 = thermal diffusivity, t = time, and L = thicknens
of the sample. Parker arbitrarily chose to use the
point where V = 0.5 to calculate w When V. = 0.5,
then w = 1.38, and the thermal diffusivity (s given
by:
u-1.38L2/1-c5, (3)

where ty - time to reach one-half the maximum temper-
ature rise of the rear surface of the snample.

The key to the success of using this sinple tech-
nique for determining the thermal diffusivity from the
thermal history of the rear face of the sample lies
in fulfflling the assumptions applied to the solution
of the heat flow c¢quation. The assumptions which are
most difficult to realize are as follows:

(1) The duration of the energy pulse must be very
short compared to the thermal ditfusion time;
(i1) Heat losses from the sample must be negligible:

and

({i1) Heat flow must be one-dimensional.,

The first assunption is easily violated, but Tavlor

10



and Capel? report that equatfon (3) {s accurate to
better than 1% for 1/t .-0.02 wherce T is the pulsc width
and tc'Lz/ﬂz'a. The thickness of samples can general-
ly be adjunted so that this {ncquality (s satiasffced.

Asgunption (1i{) has not been thoroughly discusscd
in the literature and the ceffceccts of departure from {t
are difficult to evaluate. By making mcasurcments
at reduced pressures, hceat losses by convection caun be
reduced. Heat losses by radiation are not significant
at low temperatures, but may become important at
¢clevated temperatures., Corrections for radiative hceat
losses can be made by the method described by Cowan!3,
Heat lossces by conduction cause more¢ problems. Since
the sample must be Iin contact with the support system,
the sample support can act as a heat sink. When heat
loss by conduction occurs through sample supports on
the sides of the sample, radial flow can occur, violat-
ing assunmption (1{1).

Branscomb and Hunter!® discuss ways of minimizing
conductive heat losses. They state that these losses
can be reduced by supporting the sample on a swmall
area, as well as allowing only very light contact (high
thermal resistance) between the circumference of the
sample and the support system. When these conditions
are met the conductive heat losses and radial heat
flow should be negligible due to the short times {n-

volved {n performing a measurement.
11



Whether these assunptions have been satisficd can
be qualitatively verified by comparing the cxperiment-
al rccord of the rear face temperature transient of
the sample with a plot of V vs. = from cquation (7)) an
given by Pnrkcr; et arll,

Kcrrinklsﬂ-b studied the trecatment of heterogenous
matcrials as homogenous for the purposes of thernmal
diffusivity measurcements. He considers the problem
theorctically from the viewpoint of the thermal wave-
length of the temperature pulse and develops a
criterion for determining the minimum sample thicknesns
to satisf{y the requirement of homogeneity.

The incequality he derives is:

d(n = 3<am, 0
where d= representative particle diameter, fo
volume fraction of the particulate phase, le ganmple
thickness, and M 15 an adjustable parameter. Kerrisk
claims 100<M<1000 as reasonable. A value of 100 for M,
with f=0.1, and l=4mm lead to an upper linit for part-
fcle size of 19um,

Lee and Tuylorlb in a later experimental study of
the thermal diffusivity of dispersced cooposftes found
Kerrisk's homogeneity criterion to be overly restrict-
{ve. They obtained experimental values for the ther-
mal diffusivity of copper spheres in a solder matrix

with volume fracttons from 0.01 to 0.3, sample

12



thickness of 3 to 6 mm, and particle sizes of 400

to 1200um. These values agreed with calculated valuen
to within 5%, These results show that Kerriak's as-
sumptions as to rcasonable valuces for M need further
gstudy, cspecially in a wider range of materials, nuch

as ceramics.

13



III. Experimental Procedures

Materfal

The material investirpatced {n this study 1s a com-
mercial product®. It is atated to be a mflicon carbide
refractory with stlicon oxynitride as the major com-
ponent of the bond phaac. Table I gives a typical
chemical analysis of the refractory. The samples ex-
amined after scrvice were used as the inner wall of a
vertical zinc retort at the New Jerscy Zinc Company's
Palmerton, Pa. plant for three ycars of continuous
scervice. Specimens were taken from the inside surface
(that surface which was exposed to the zinc ore/coke
charge), this surface 1s subjcected to continuous cros-
ive wear by the charge so that new matcerial is contin-
uously being exposed, the middle portion of the wall,
and the outside surface (that exposed to the heating
space), as well as in the ‘as-received' condition.
The 'as-received' samples are designated NA, the samples
subjected to three years service will be designated
NG, followed by an "I" for the inside surface samples,
an "M" for the wmiddle portion samples, and an "0" for
samples from the outside surface.
Characterization

1. X-ray Diffraction

Standard x-ray powder diffractometry techniques
and equipment were utilized to identify the

8 CN-163, The Neorton Company, Worchester, Ma. 01606
14



TABLE 1

Chemfcal Composition and Propertics

of 'As-received' Sanmples*

Typical Chemical Analysis (X by weight):

Silicon 67.13

Carbon 26.7

Nitrogen 3.6

Oxygen 1.4

Other metals 1.0
Bulk Density (g/cm3): 2.60
Apparcnt Porosity (X): 15
Thermal Conductivity (W/m-*K): 9.61

*Norton Product Information S-P-C-BD3, July 1974,

15



crvatalline phases present in cach sanmple.
The sanmples were crushed to-325 meah and screenced
onto a glass slide. The slidces were than mounted
in a Sicmen's diffractometer?. The difractometer
wasn operated at a scan apeed of 10 2¢ per minute
using nickel filtered, Cu K, radiation.

2. Thermnl Expansion |
Linear thermal expansion curves wercec obtained for
cach sanmple over the temperaturce range from room
temperature to 1400K using an automatic recording
dilatometerC. Samples were in the form of rect-
angular bars measuring 5.08 * 0.05 cm long. These
samples were heated at the rate of 3K per minute
then allowed to furnace cool. To prevent oxidation
of the brick to form a glassy phase, the expansion
measurements were made with sample contained in an
argon ambient. Percent linear expansion was plot-
ted versus temperature and mean thermal expansion
cocffilcients were calculated by dividing the per-
cent expansion by the change Iin temperature.

3. Scanning Electron Microscopy
Representative samples were fractured and the
fracture surfaces were coated with carbon. The
samples were observed using an ETEC scanning
vlectron microscoped at several magnificattions.

Chrystalloflex IV, Siemen's America, Inc., New York,

N. Y. 10001

Orton Autowmatic Recording Dilatometer, The Edward

Orton, Jr. Ceramic Foundation, Columbus, Oh. 43201
Autoscan U-1, FTEC Corp., Hayward, Ca. 94545

16



4. Optical Microscopy and Grain Size Distridbution
Analysais

Samples were vacuum impregnated with cpoxy, rough
ground on a diamond Rrinding wheel, then polished
using diamond paste with grit sfizes of 15, 6 and
lum. The polishecd samplens were examined using

a reflected 1ight microscope®.

Groin size distribution analysis was performed

f attached to the micro-

using an image analyzer
scope and interfaced to a programable calculator®
which did the on-1linc statistical analysis.
Thermal Diffusivity versus Temperaturce
Thermal diffusivities were measured by the laser-
flash technique. Disca, 0.3 cm thick and 1.27 cm in
diamcter, were held in a graphite specimen holder in
a vertical tube, graphite resistance, nitrogen atmos-
phere furnace®. Thermal diffusivity was measured using

i

a 1.06ym Nd-glass rod laser” as the transient heat

source, and monitoring the temperature response of the
rear face by mecans of an IR detectord connected through
a bias circuit to an oscilloscopek equipped with signal
storage. The sensitivity of the IR detector was such

that measurements could be obtained only at specimen

Axiomal, Carl Zeiss, Inc., New York, N. Y. 10018

nMC, M{llipore Corp., Bedford, Ma. 01730

600-14, Wang Laboratortes, Inc., Tewksbury, Ma. 01876
1000A, Astro Industries, Santa Barbara, Ca. 93101
K-1, Korad Co., Santa Monica, Ca. 90406

IT~-7, Barnes Engineering Co., Stamford, Co. 06902
1201A, Hewlett-Packard, Palo Alto, Ca. 94304

17
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temperatures above 600K. Since the service temper-
ature for the bricks {8 1700K, mecasurecements were made
up to thia temperaturc. The ambient tenmperaturce of
the specimen was changed by adjusting the temperature
of the carbon resistance furnace. Further detafls of

the apparatus arc given in Appendix A and B.

18



IvV.

Results
Characterfzation
1. X-ray Diffraction

The results of the powder diffraction analynis arc
given In Table II. These results show that the matrix
of NA i3 composed of a mixture of a-and 8-S13N,
with some Si{,N,0 present. In all three NG samples
the matrix appcecars to be primarily composed of Si,N50
with some o-and ﬁ~Si3Na. The silfcon carbide I8 an
alpha polytype designated 6H.
2. Thermal Expansion

Figures 1 through 4 show the thermal expansion
curves measured for cach of the samples; the calcul-
ated mean lincar thermal expansion coefficients are
given in Table III. The coefficients of the NG
sanples are 10 to 152 lower than the cocefficient of
the NA sanple.
3. Scanning Elvctron Microscopy

Scanning electron photomicrographs of fracture
surfaces of the four samples are shown in Figures 5
through 12. Figures 5 and 6 show the multiphase
nature of the bonding matrix in sample NA. The large
smooth featurec can be identified as silicon carbide
srains due to thelr size and metallic appearance to
the naked eve. The needle-1l1ike particles can be

identified as 313N4 as discussed by Forgeng aand
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d(nm)

NA

TABLE 11

X-ray Diffraction Results

Relative Intensities (X1/1,)

NG-1 NG-M NG-0
Observed Intensitles

a-S1C a-Sl3N4 5‘5‘3N5 512520
JCPDS Standard Intensities

L4068 4 13 39 37 80

LAb4h S 18 79 61 100

.336 6 28 99 85 100

. 331 2 3 8 5 85

L274 5 16 12 30

L2617 9 6 22 9 100

L262 20 16 82 41 40

.260 10 36 24 75 S0

.255 28 10 19 100

.251 100 100 100 100 100 100

L2642 9 31 22 80

. 238 10 31 20 B8O

. 235 29 29 54 29 20

.229 20 9 50

.217 12 11 25 10 10 35S 50

.168 3 5 10 7 50

.160 3 4 14 9 35 20 50

L1154 17 21 61 31 35

147 5 7 5 50

L142 4 7 25 9 15

.131 19 15 43 20 40 17 50

.129 2 4 10 9 15 85

.126 4 3 16 7 7 85 50
a-S4C - JCPDS(22-1273), a-Si3N, - JCPDS(9-250)
B-S14N, JCPDS (9~-259), S1,N,0 JCPDS(18-1171)
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TABLE 111

Calculated Mecan Linear Thermal Expansion Cocffici{cnta

(300K to 1400K)}

NA NG-1 NG-M

NG-0

5.82x10°6 /K 5.14x10”0/K 5. 14x10-6/x

5.14x10-8/X

TABLE 1V

Calculated Average Grain Sizesn

NA NG-1 NG-M NG-0
Average Grain Size (um) 41.6 42.9 41. 8.7
Standard Deviation 36.9 37.8 37. 35.7




FIGURE 5. Scanning Electron Photomicrograph of
Sample NA. Magnification 800X.
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FIGURE 6. Scanning Electron Photomicrograph of
Sample NA. Magnification 1900X.
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FIGURE 7. Scanning Electron Photomicrograph of
Sample NG-I. Magnification 720X.

28



FIGURE 8. Scanning Electron Photomicrograph of
Sample NG-I. Magnification 3400X.
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FIGURE 9. Scanning Electron Photomicrograph of
NG-M. Magnification 800X.
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FIGURE 10. Scanning Electron Photomicrograph of
Sample NG-M. Magnification 4000X.
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FIGURE 11. Scanning Electron Photomicrograph of
Sample NG-0. Magnification 800X.
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FIGURE 12. Scanning Electron Photomicrograph of
Sample NG-0. Magnification 4000X.
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17 and Jones, Pltman and Lindlcyle. The

Decker
amoother, more granular phase {1 SiZNZO. The =atrix
of the NG samples, Figures 7 through 12, appcars to be
single phase as can be scen by the abacnce of necdle-
like particles.
4. Optical Microscopy and Grain Sizec Distribution

Analysis

Figures 13 through 16 arc optical photomicrographs
of polished scctions of the four samplea. The 1ight
gray fcaturces are silicon carbide grains. The darker
mottled gray arcas arc porces and the darkest arcas
are the bonding matrix. The amount of pore areca
visible in sample NA {8 much grecater than in any of
the NG sanples. The wide range of grain sizes appar-
ent in these micrographs is confirmed by Figures 17
through 20 which show the results of silicon carbide
grain size distribution analysis. The calculated
average grain sizes and standard deviations are given
in Table 1V, The grain size distributions are all
quite comparable. The average grain size of sample
NG-1 1s slightly higher than that of sample NA.
Sample NG-M has approximately the same average grain
4lze than sample NA. Sample NG-0 has a lower average

grain size than Sample NA. Sowe unreacted silicon was

observed in the 'as-recefved' sample.
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FIGURE 13. Optical Photomicrograph of Sample NA.
Magnification 50X.
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FIGURE 14. Optical Photomicrograph of Sample NG-I.
Magnification 50X.
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FIGURE 15. Optical Photomicrograph of Sample NG-M.
Magnification 50X.
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FIGURE 16. Optical Photomicrograph of Sample NG-O.
Magnification 50X.
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Thernmal Diffusivity versus Tenperature

The thermal diffustvities of all four sanmples,
Figures 21 through 24, show a decrense of approxinmate-
ly 50% on heating from 600 tol700K. The NA sanmple
has a thermal diffusivity approximately 20 to 30X
lower than the NG samples acroas the entire tenmpera-
turc range, The exception to this s a sample taken
from the Immediate outside surface which has a thermal
diffusivity comparable to NA. (Curve B to Fipure 24).

Using Kerrisk's*2 b homogeneity criterion, cquation
(4), with d as the average grain size, approximately
40 pywm, f as 0.8, the assumed volume fraction of the
silicon carbide grains, and 1 as 0.3 cm, the sanmple
thickness leads to a value of 70 or less for M in order
to satisfy the incequality of cquatfon (4). Thernmal
diffusivity values calculated using equation (1) and
properties listed Iin Table T yield results which com-

pare within 10% of mceasured values at 1300K.
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Discusanion

The bonding matrix of the 'as-recceived' bdbrick is a
multi-phase mixture of a- and B-S513Ng4 with SiN70.
This {5 confirmed by the x-ray powder diffraction
analysis and scanning ec¢lcctron photonicrographas. The
scanning elcectron photomicrographs scem to indicate a
larger amount of S{7>N20 in the NA sample than the x-ray
data would suggest. This could {indicate that the
S19N20 is poorly crystallized in the 'as-reccived’
brick. Both the x~ray results and the scanning clect-
ron photomicrographs confirm that the NG samples have
a predominantly single phasc matrix composed of S17N70.

The stability of the silicon carbide grain in the
severe ce¢nvironment of the zinc retort 18 shown by the
small changes in grain size distribution. The slight
{increase in the average grain size of the tnside sur-
face sample, NG-1, as compared to the NA sample could
result from the corrosion and erosion to which the in-
side surface of the bricks 1s subjected by the moving
zinc vre/coke briquets. This corrosion and crosion
results Iin a decrease in wall thickness of approximat-
ely 2.5 ecm in three years of service. There {8 no
observed zinc penetration of the brick. This would
indicate an crosive type of actlion occurring at the

inside surface of the brick. The smaller sized grains
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would be pulled out or worn away at a nore rapid rate
than the large grafions, This would result {n an {n-
crease {n the average grafin size as wan obrerved. The
negligible amount of change In the average grain size
and distribution of grain sizes of the middle portion
sample, NG-M, as compared to the NA sample shows the
excellent high temperature stability of the silficon
carbide grains. The decrease Iin the average gratin
slze and change in the grain distribution of the out-
side surface sample, NG-0, as compared to the NA sanple
i difficult to explain. It could be a conscquence of
fragmentation of some of the grains due to thernmal
shock e¢ffcects on retort shutdown or evidence of attack
on the gratns by a glass-11ke slag which coats the
outside surface of thesce bricks after three years
service. Figure 25 shows this slag coating which can
be seen to penctrate the brick {tself. Nedither hypo-
thesls can be unequivocally confirmed on the basis of
available data,

The increase in thermal diffusivity observed in the
NG samples could be the result of fmproved cryntal -
linity of the S{p850 portion of the bonding matrix as
well as the decrease In apparent porosity evidenced by
the optical photomicrographs. This decrease in poro-

sity may be the result of compression of the bricks due



FIGURE 25. Optical Photomicrograph of Outer
Surface of Refractory. Micrograph
shows the glassy slag which coats
the outer surface of brick as can be
seen also penetrates the brick itself.
Magnification 50X. Glassy slag is in
lower portion of micrograph.
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to the restraint ifmposed on the thermal expanafon of
the wall by the end walls of the retort. The lower
thermal diffusfvity of the immediate outside face
sanple can be explained in terms of the pentivration
of the glass~-1like slag as shown {n Figure 25.

The decrease in the thermal expansion cocffi{cient
exhibited by the NG samples probably Is also the re-
sult of the higiher degree of crystalliniety of the
St O portion of the bonding matrix of the brick.

N

272
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VI. Sunmmary and Conclusions

The bonding matrix of this brick changes from an
inftially multi-phase mixture of si{li{con nitride and
poorly crystallized sf{licon oxynitride to a predonin-
antly single-phase matrix composned of well crystallized
silicon oxynitride. This transformation is thought to

occur by oxidation of the silicon nitride to form

silicon oxynitride and silicon monoxide (as observed
by Guzman, ct ulb) and the further crystallfzation of
the silicon oxynitride already present in the matrix.
The silicon monoxide which forms 1{s believed to form
the basis of the glassy slag which coats the outstde

surface of the bricks.

The apparent porosity Is a decreated constiderably
over three years of service. This {8 beliceved to be
the result of compressive forces developed throughout
the entire wall as a result of constrained thermal ex-
pansion of the material. The silicon carbide grains
are very stable in this environment. Only slight
changes in the grain size distribution are observed.
The increase in the average grain size of the inside
surface sample 1s believed due to the erosive wear
of that surface by the zinc ore/coke charge. The de-
crease Iin the average grain size of the outside surface

N
sample 1is thought to result from thermal shock effects

or slag attack.



The decrecase {n the linear thermal e¢xpanslon co-
efficient and increasce In the thermal diffusivity are
both thought to result from the Improved crystallinity
of the Si,N0 portion of the bonding matrix. The de-
crease {n apparent porosity also contributes to the
{ncrecase In the thermal diffusivity.

In conclusion a definite correlation was observed
between changes In the microstructure and changes in
the thermal properties of this bonded silicon carbide

refractory body.
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Appendix A

Experimental Configuratfion and Allignnent

Figure Al shows a schematic diagram of the apparatus.
The system {4 set up on three levels. A He-Ne alignacnt
laser?®, the Nd-glass pulse laser, and three front surface
mirrors arce attached to an aluninum plate to form the
top level. The Infra-red detector and a fourth front
surface mirror arce attached to an aluminum plate to form
the bottom level., The graphite resistance furnace cowm-
prises the middle level., The two aluminum plates and the
furnace are mounted on the furnace support column and
braced by an e¢xternal support.,

The furnace and detector should be {solated as nuch
as possible from mechanical vibrations and strong clectric
fields. Both of these tend to increase the nofise level
of the signal as obscerved on the oscilloscope making
measurements more uncertain.  An exanple of the appear-
ance of an experimental trace with sample calculations
is given in reference 14, Figure 3.

The system {s aligned by inftially using the He-Ne
laser with no sample in the furnace. Front surface
mirrors one and two are adjusted so that the beanm from
the He-Ne laser travels down the axis of the Nd-pglass
laser rod. Mirror three is then posftioned s0 that the
beam travels down the axis of the furnace. That completes

“Edmund Scientific Co., Barrington, N. J. 08007
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Oncill?scopc Infra-red [V 6 Infrn—red‘

Beampath

’.
Bias Box
1,2,3,4: Front Surface Mirrors
5,6: Fused Silica Windows

FIGURE Al. Schematic Diagram of Experimental

Apparatus.
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the rough allignment of the asysten. Tent shots arce then
fired with the Nd-glass lascr using unexposed Polaroid
type film in the position of the sample. Final adjust-
ment of mirror three {a accomplished by observing the

burn pattern produced on the film. A sample {5 then
placed in the furnace and the furnace is raised to a tenp-
craturce of approximately 1000K so that the sample 18
visible through the lower fused sflfica window. Mirror
four {s then adjusted for peak detector response and the
detector {s focused on the sample. This completes

alignment of the system.
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Appendix B
Thermocouple Mecanurecment Technique and System Senasftivity
Duc to the spectral sensftivity of the fnfra-red detect-

or measurements using that method of following the tenmper-
ature transient on the rear face of the sanple $s8 limited
to temperatures Rgicater than approximately 600K. An al-
ternate method of following the temperature transfcat (s
using a differential thermocouple attached to the back of

the sample. To accomplish this a thermocouple port fs (n-

serted in place of fhc lower fused snilica window and a
Chromel-Alumel dif{ferential thermocouple is inscrted (nto
the furnace. One bead of the thermocouple is attached to
the back of the sample using a silicate-porcelain cemcn(n.
The thermocouple leads were connected to a millivolt ampli-
ficrb which {in turn was connected to the oscilloscope.

When data obtained using the thermocouple tcchnlqu}'
was compared with that obtained using the infra-red
detector technique a discrepancy was found to exist.
Figures Bl and B2 show the results of comparative oeasure-
ments on two different samples. Figure Bl shows the re-
sults for a sample of 1023 steel. Curve 1 was measured
using the infra-red detector. Curves 2 and 3 were meas-
ured using a differential thermocouple. For Curve 2,
the thermocouple was cemented to the back of the sanmple.
aOmegu CC High Temperature Cement, Omega Engineering, Inc.

Stamford, Ct. 06907
bOomni-Amp 11, Omega Enginvering, Inc., Stamford, Ct. 06907
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Curve 3 war gencrated with the two thermocouple lcecads
spot welded to the back of the sample. By comparing the
three curves onec can observe two things. Firast, that
Curves 1 and 3 agrec quite well. This would {mply that
they are correct. The second thing one can obscrve {8
that the only difference in the experimental parameters
between Curves 2 and 3 is the mecans by which the thermo-
couple s attached to the sample. This would {ndicate
that the contact between the thermocouple and the sample
is not adequate for Curve 2.

Figure B2 shows the results for a sample of (MnZn)Fej04.
Curve 1 was measured using the infra-red detector. Curves
2 and 3 were measured using a differential thermocouple.
The thermocouple for Curve 3 was attached with silver
paste between the thermocouple bead and the sample and
then cemented., No silver paste was used for Curve 2.

The silver contact for Curve 3 was sintered for two hours
at 1000K before measurements were perforwmed. Again the
measurement performed with just the thermocouple cemented
to the sample, Curve 2, yileld lower values of thermal
diffusivity than Curves 1 and 3. Curve 3 shows the im-
proved accuracy of the thermocouple technique when a
sintered silver contact {s used. Another factor to
consider Is the gauge of the thermocouple wire. If too

heavy a gauge of wire is used, the thermocouple can act
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as a heat saink and decreasc the valuen nmeansured. Thought -
ful caution must be cmployed whenever a thermocouple
measurement technique {38 used.

Figures Bl and B2 also show the sensitivity of the
techniques of thermal diffusivity measurcment to changes
occurring within a wmaterial. In figure Bl the effect of

the a-y phase transition on the thermal diffusivity of

the stceel sample {4 shown. Parker, ¢t al, also observ-
ed this. In figure B2 the c¢ffect of passing through

the Curie temperature of the ferrite can be scen. In
both casces the distortion of the structure causcd by the
transition results {n a decrease {n the thermal diffu-

sivity across a narrow temperature range.
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Appendix C
Data fronm Grafin Slze Distribution Analysis

Tables C1 through CIV give the data acquired {n the
grain size distribution analyvsis, The analysis was
performed using an oversize count technique. In the
tables the symbol M denotes the size of grain which those
counted arc greater than. The symbol C denotes the num-
ber of particles counted {n that sfize category. The
symbol K denotes the percentage of the total that the

number C representas.



TABLE CI

Grain Size Distribution Analysis Data for Sample NA

M(um) 10 30 50 70 90 110 125 150 175 200
C(#) 5242 2744 1688 1191 936 729 601 461 jaz7 3osS

K(X) 100. 52.3 32.2 22.7 17.9 13.9 11.5 8.8 7.4 5.9

TABLE CI1

Grain Size Distribution Analysis Data for Sample NG-I

M(um) 10 30 50 70 90 110 125 150 175 200
C(i) 3820 2164 1400 1017 750 610 532 411 323 260

K(x) 100. 56.6 36.6 26.6 19.6 16.0 13.9 10.8 8.5 6.8
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TABLE CIIl

Grain Size Distribution Analysis Data for Sample NG-M

M(um) 10 30 50 70 90 110 125 150 175 200
ct) 5020 2557 1648 1172 919 701 610 481 364 316

K(Z) 100. 50.9 32.8 23.3 18.3 14.0 12.2 9.6 7.3 6.3

TABLE CIV

Grain Size Distribution Anmalysis Data for Sample NG-0

M(pm) 10 30 50 70 90 110 125 150 175 200
c(n) 3720 1622 1074 759 603 478 406 J14 264 218

K(2) 100. 43.6 28.9 20.4 16.2 12.8 10.9 8.4 7.1 5.9
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