The partial
substitution of
alumina for feldspar
in an electrical
porcelain leads to an
increase in Young’s
modulus from 38.27 to
62 GPa, reaching the
maximum value when
the firing temperature
is 1350°C.
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Alumina Additions Affect
Elastic Properties of
Electrical Porcelains

e manufacture of electric porce-
lains has increased in recent years
because of the need for electrical
transmission insulators with

improved mechanical properties. Among the
materials available for this application, the
best are the alumina-based porcelains
because of their singular electromechanical
properties. Alumina has been introduced into
the classic triaxial porcetain body composi-
tion to replace some of the feldspar and flint
in order to improve its elastic properties.

Much has been written to clarify why the
incorporation of alumina into porcelain
bodies produces a strength increase.}
However, the theories remain controversial.
Although some authors attribute the
increase in strength to the increase in the
mullite content associated with a decrease
in the quartz content, others have found no
relationship between mechanical strength
and mullite content.?

It has been reporied in a review of electri-
cal insulating ceramics by Rigterink and
Williams3 that few engineers have specified
and used high-alumina ceramics for many
new electrical applications. More recently,
engineers have been reconsidering using
porcelain for economic and technical rea-
sons—it has been the material of choice by
many of them.

Mullite compositions also have atiracted
attention. Warshaw and Seider? have made
a comparison of the sirength of triaxial
porcelains containing alumina and flint.
They have found that the compositions con-
taining alumina are free of internal cracks,
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and, therefore, are stronger than those with
comparable guartz compositions. Kalnin
et al.5 have shown that the elastic modulus
and, therefore, the flexural strength of a
quartz-free body increases in proportion to
the amount of mullite present over the range
11-36 wt%.

The results of Khandelwal and Cook® on
the correlation of the crystalline con-
stituents with the strength of porcelain are
such that an increase of alumina in crys-
talline form as well as in the glassy phase
resulis in increased strengtbh. However, the
mullite content does not affect the strengih
of the porcelain.

Kreimer and Chistyakova’ have reported
that, on the basis of their statistical analysis,
the strength of alumina-containing porce-
lain is increased with an increase in the pro-
portion of one of the crystalline phases.
This is caused by a reduction in the propor-
tion of the second crystalline phase and
glassy phase.

Orlova et al.® suggest that, to obtain a
electrical engineering porcelain having high
electrophysical and mechanical properties,
it is advisable to use alumina containing no
spherulites of corundum and an average
corundum particle size not exceeding 3 pm
and with no tendency to form aggregates.

We provide in this article additional infor-
mation on the incorporation of alumina in
porcelains. The elastic constants of electri-
cal porcelain in relation to alumina addi-
tions, phase composition and firing
temperature are analyzed. We present data
that show that the variation in alumina
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Young's Quarz:  Peak height
Shrinkage  modulus moduius Poisson's  mullite  of corundum
Body (%) (GPa) (GPa) ratio ratic {mm)
Fired at 1270°C
P1-{0%) 5.275 47.90 20.37 0.18 5.88
P1.{0%) 6.050 51.58 21.78 0.18 3.21 13.00
P1-{0%) 6.425 53.04 22.42 0.18 2.82 37.00
P1-(0%) 6.225 46.41 19.76 0.17 3.86 32.00 ]
Fired at 1300°C
P1-(0%) 4.978 48.64 21.00 0.18 6.41
P1-{0%) 5.208 56.78 24.02 0.18 4.42 4.00
P1-(0%) 7.025 60.98 25.61 .19 3.00 6.40
F1-{0%) 8.049 62.12 26.09 G.19 2.80 8.00
Fired at 1325°C
P{-(0%) 3.182 43.57 18.66 Q.18 3.53
P1-(0%) 3.407 50.31 21.19 0.19 3.33 4.00
E1-{0%) 6.358 57.83 24.01 0.20 2.37 8.00
P1-(0%) 7.778 64.89 27.25 0.18 2.00 7.80
Fired at 1350°C
P1-(0%) 4.650 53.36 22.33 0.20 2.31 5.50
P1-{0%) 7.539 66.31 27.60 0.20 1.75 7.00
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XRD of samples fired ar 1300°C with differen: alumina

conrcentrations, showing changes in ( Q) quariz, (M) mullite and
{Co) corundum peaks.

Effects of Alumina

In summary, the porcelain disks were
produced from four raw materials
containing four different concentrations
of alumina. The raw materials were
homogenized in water and drained. The
resulting agglomerates were ground
and sieved (~325 mesh) to obtain a fine
powder.,

The powder was dry-pressed at 9 tons
(8.1 x 10* N). The resulting disks con-
tained large quartz particles and fine
acicular mullite crystals. Variations in
the XRD signals as a function of the
alumina concentration were recorded.
The quartz:mullite ratio 2s a function of
temperature also was recorded.

The raw materials have 3 complex
chemical composition, but these com-
ponents can be combined? in a fluxin g
oxide mixture: K,0, Na,O, Ca0,
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ELASTIC PROPERTIES OF ELTLCTRICAL PORCELAINS

R e

concentration, at the eXpense of
feldspar and flint, results in an
improvement in Young’'s modulus.
The increase in elastic modulus ig
attributed to the increase in mullite
concentration and quartz dissolution at
the highest firing temperature.

The Experiment

The sample compositions were prepared
with kaolin (Técnica Minera, Jalisco,
Mexico), feldspar and flint {Compaiiia
Minera San José, Cuanajuato, Mexico),
Kentucky ball clay, and alumina
(89.9%).

Four bodies were made with differ-
ent alumina concentrations to study the
effect of alumina on the elastic con-
stant of the electrical porcelains. The
original composition (body 1) was
taken from the standard used for con-
ventional electrical porcelain. Alumina
addition was made at the expense of
feldspar and quartz,

All the bodies had equal amounts of
kaolin and balt clay—-50 wi% kaolin, 25
wit% feldspar and 25 wit% flint. Uniform
distribution of the raw materials was
ensured by wet mixing. The suspensions
were dried at 100°C for 2 h and pressed
in disks 30 wm in diameter. The disks
were sintered to different temperatures
(1270, 1300, 1325 and 1350°C) and
soaked for 2 h. The amount of shrinkage
was measured after sintering.

The elastic constants of the porcelain
disks were measured by the impulse
excitation technique, a nondestruc-
tive method (Grindo-Sonic, J. W,
Lemmens Inc., St. Louis, Mo.). The
measuring instrument used pulse exci-
tation principles to analyze the tran-
sient vibration of the test piece
following a mechanical impact. The
energy from the impact was dissipated
in the form of a damped vibration,
which depended on the geometry of
the material as well as its density and
elastic properties.

The instrument measured Young’s
moadulus, shear modulus and Poisson’s
ratio and met standards (“Standard
Test Method for Dynamic Young’s
Modulus, Shear Modulus and Poison’s
Ratio for Advanced Ceramics by
Impulse Excitation of Vibration,™
ASTM Designation C 1259, American
Society for Testing and Materials,
West Conshohocken, Pa.).

on

SEM imuage of the general contrast observed in all the samples. Mullite (indicared by M)
and guarez (indicated by Q) particles are easily recagnized.

The crystalline phases present in the
porcelain disks were identified by
powder X-ray diffractometry (XRD)
(Philips Electronic Instrumentis,
Mahwah, N.J.) using CukKo radiation
at 35 kV and 15 mA. Scanning elec-
tron microscopy (Mode] 6400, JEOL,
Palo Alo, Calif)) was used to analyze
the microstructures of these phases,

The samples for SEM observation
were polished and etched with
hydrofluoric acid (o dissolve the
glassy matrix and enbance the Crys-
talline morphologies. They then were
glued onto the holder cylinder and
covered with a thin gold film. The
samples were ground, and the fine
pPowder was analyzed by XRD.

Composition (moi%)
Kaalin Ball clay Feldspar Silica Alumina

SiQ, 72.035 7B.706 97.310 0.051
Al G, 23.628 11.680 1.330 { 89.862
K,Q 0.980 0.389 7.409 0.376
Na, o 0.176 3.599 0.561
Fe,0, 0.080 0.532 0.0s8 0.006 0.087
Rb,O 0.022 0.020
BaO 0.030 0.017 ©.003
Ca0o 0.510 0.544 0.398 0.360
T, 0.591 1.846 0.058 0.004
P,0g 0.987 0.07g9 |
SrO a.114
Cr,0, 0.010
MgO 0.840 i 0.837

Total 98.908 1 100.000 99.998 100.000 } 100.000

Composition (wi%)

Kaolin T Ball clay Feldspar Sitica { Alumina
Body 1 30 20 25 ] 25 )
Body 2 30 20 25 20 5
Body 3 30 20 25 15 10
Body 4 30 20 20 15 15

-

28/05 tq9g 21:09

TX/RX NR.4861

The American Ceramic Society Bulletin

P.002




Composition (moise)

. Boedy 1 Body 2 Body 3 ‘ Body 4
SiQ, 76.485 73.622 68.758 64.926
Al Oy 18.081 21.007 25.934 30,342
K, O 2.320 2.30% 2.282 1.912
Na,0 1.083 1.087 1.037 0.857
Fe,0, 0.157 0.161 0.185 0.164
Rb,O 0.011 0.008 0.009 0.007
Bal 0.014 0.014 0.014 0.013
Cal 0.459 0.439 G.418 0.399
Tio, 0.562 0.562 0.562 0.859
P.Gg 0.312 0.312 0.312 0.312
SrQ 0.034 0.034 0.084 0.034
Cr,0, 0.0038 0.003 0.003 0.003
MgO 0.469 0.489 Q.469 0.469

100.000
*R s radical, RO is the Huxing group, and RO, is the refractory group.

%

Gomposition ;(r;'{ol Y]

MgO, Sr0, BaO and Fe,0,, refractory
§i0,, Cr,0,, and TiO,. Alumina is the
variable compound used in this study,
Therefore, the composition of the bod-
ies can be describad as a function of
only three variables—RO, RO, and
AL Q,, where R indicates a radicad.

The particie size of the raw materialg
is an important parameter, because it
defines the compaction of the product.
It has been reported in the case of
quariz that large particle sizes result in
a product with a high density of cracks.
The preparation of a compournd of dif-
ferent-sized particles often results in
better compaction,

This is the case of the raw materials
used in this work-—alumina is in the
range 0.4-3 um (mean value of 1,22
um), feldspar is in the range 0.8-12 um
(mean value of 5.6 pm), ball clay is in
the range 0.3-12.9 um (mean value of
2.99 um), kaolin is in the range 0.5-10
Hm {mean value of 3,39 pum) and flint is
In the range 0.3—10 pm (mean value of
4.25 pm).

Major changes occur in the elastic
properties when the alumina concen-
tration is varied. Ar 1276°C, Young’s
modulus increases as the alumina con-
tent increases. However, the highest
value (53.04 GPa) is attained for the

28/05 198 21:09

sample containing 10% alumina rather
than the one with 15% alumina. ¥t is
speculated ihat the firing temperature
was insufficient to sinter the body
completely, Optimai sintering condj-
tons need to be established.

At 1320°C, a direct proportion rela-
tionship between the alumina content
and Young’s modulus again is
observed. The sample with 15% aju-
mina presents the largest value (62.12
GPa). When the temperature is
increased to 1325°C, Young’s modn-
lus decreases in al} the samples except
that with 15% alumina, This result is
due to the temperature being too high
for sintering,

Bloating of body t was observed.
Young's modulus increases only for
the body with 15% alumina—~from
62.12 to 64.89 GPa. Increasing
the temperature to 1350°C further
increases Young’s moduius to 66.31
GPa. This eorresponds to an increase
of 44% in Young's modulus with
respect to the body without alumina,

XRD analysisg indicates that the
Quartzimullite ratio decreases as the
alumina content increases—i.e., the
alumina increase produces more mul-
lite and a corresponding decrease in
quartz, increasing Young’s modulus,

TX/Rx NR. 4867

The unreacted corundum concentration
causes no significant microstructural
modification. However, corundum
does affect the mechanical properties
of the porcelains produced in this
study,

Temperature/Mullite Effects
The results indicate the possibility of
increasing the mechanical properties
of electrical porcelaing by modifying
only the crystalline phase contents and
optimizing the firing temperature. In
this study, the addition of alumina
produces a 44% increase in Young’s
modulus compared with the base
material (no alumina), using a firing
lemperature of 1350°C.

The mechanical properties can be
increased even further by adding
higher concenirations of alumina.
There have been reports of 40% alu-
mira additions with increases of
>125% in Young’s modulus® after
optimizing the firing temperature,
However, the importance of the pre-
sent work is the confirmation of the
positive effect that the increase of the
mmullite content has on the mechanical
strength of the porcelains.

Authors disagree on the function of
mullite in controlling the strength of
electrical porcelains, One group
assumes that mullite has little effect in
improving the mechanical properties;s
another group opposes this idea, 10

In this work, the addition of alumina
favors an increase in mullite and
deerease in quartz, Therefore, it is
important to analyze the mechanism of
strengthening as a function of al the
crystalline phases present in the porce-
lain. The role of mullite, quartz,
corundum and the glassy phases as
well as the synergistic sffect of all
these phases must be understood.

Some authors have, for example,
reported that, when the porcelain con-
tains <10% residual quartz, an
increase in mullite content cccours,
leading to an increase in strength.
However, when there are residual
quartz concentrations >11%, an
increase in mullite produces a
decrease in strength.?

The mechanical properties of clectri-
cal porcelains improve with aluming
additions of up to 15%, if the firing
temperature is concurrently increased,
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The maximum increase in strength is
attained by increasing the mullite con-
tent in the fired porcelain while reduc-
ing the amount of the residual quartz,
This strength can be further improved
by increasing the amount of crystalline
phases and accounting for their concen-
trations as weil as establishing their role
in the region of the phase diagram and
optimizing the firing temperature. ]
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