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PART 1 =~ FRERINTERING STULCIES
Abstract
Cordierite compositions were prepared utilizing the
fritted composition as the basic raw material, Dernsity,
moisture absorption, X=ray dcterminations, thermal expansion,

and transversc strength results are shown.

PART 11 - SINTERING STUDIES
Abstract
A study of the densification of six compositions in
the alumina magnesia system was carried out in vacuum, dry
hydrogen and dry helium. The campositions rangc from pure
alumina at onc end to a 2,07 magnecsia content at the other
end, Density and molisture absorptions arc shown as a function

of the composition and firing atnosphere,



1. PRESINTERING STUDIES

A, Introduction

This phase of the program is devoted to the application of
the devitrification technique of the prereacted material pro~ -
cedure for lowering the firing temperature of ceramic materials
yet retaining all the desired engineering properties, This
approach is best suited for radome materials to be used at
2200 °F and lower,

In the gdevitrification process, the whole composition is
melted and poured into water to retain.the glass or randomly
oriented structure. This now results in the mixing of the
composition on an atomic basis, The quenched glass is re@uced
to a controlled particle size distribution and fabricated,
During the second flring a crystalline phasc devitrifies from
the g;ass and the specimen fires to thec highcst bulk density
stage, Values of bulk density of 99% of the true density of
compositions have been reallzed,

The present effort is devoted to the development of a
ceramic material of a low thermal expansion, possessing a high
density, which can be fabricated casily into radomc shapes,

The fabrication which lends itself to this type of body is the
utilization of prereacted raw materials,

Since this process lends itself to lesser refractory compos-
itions, cordierite was chosen as the initial materi al in this
study, Cordierite is a magnesium alumino=silicate composition

that possesses a very low thermal expansion,



A ceramic material with a low thermal expansion may possess
lower strength properties under normal conditions, however, iIf
thermal shock is introduced thc low expansion body can possess
greater strength properties than a stronger high expansion body

in which thermal shock has been introduced,

B. Procedure

The compositions were selectcd as identified in the trie
axial diagram Figure 1 on page 3 and tabulated in Table 1 on
page L. All the compositions were weighed and mixed for one
hour in a V=blender, Each batch was melted at approximately
2700°F in tire clay crusibles using a pot furnace, then quenched
by pouring into cold water, The fritted material was ground in
an alumina mill with alumina grinding media for 2l hours and
passed through a 200 mesh screen spccimens were'prepared from
Bll compositions by dry pressing in a steel die, Draw trials
were made In order to establish the maturing range and the

specimens were analyized for crystalline phases present,

C. Compositions

All compositions chosen are shown in Table 1, The bodies
were prepared in 2000 gram batch using Alcoa A~-ll alumina,

Pennsylvania Glass Sand Company, "Supersil" silica and Magnesium



Figurc 1

COMPOSITIONS CHOSEN IN
Mg0=Al=20a=5i0a PHASE DI AGRAM

—’C-l "C-2 g_ﬁ

60 Si0a 50 Si02 6L% Si0=
15 Mgo 17 Mgo 117% Mgo
25 Alz0 3 33 Ala0s 25% Al=03
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487 Si0=
17% NGO
35% Al=03

ﬂL|C>
58% 810z 637% Si0= 61 4% Si0=
199 Alg0 s 20% Alz0a 18,37 Alz0a

23% Mgo 174 Mgo 20 ,3% Mgo



TABLE 1

Compositions and Properties of C Serics

w
L
—

o} c=2 c-3 S=1
60 Si0a 50 S 6l S 48 s
25 Ala0s 33 A 25 A 35 A
15 Mg0 17 M 11 M 17 M
Max, D% 2,45 2,08 2,22 2.25
Moisture Abs.? 0.10 743 3.35 3,50
Temp, (°F)? 2450 2450 2450 2450
Xmpayt Cord, Cord. Cord, Cord,
Commerclal Kiln Firing
58 S 63 S 6l.h. S 61,4 S
19 A 0 A 18,3 A 18.3 A
23 M 17 M 20.3 M 20,3 M
Maxe, D 2.587 2.587 2,457 2 Lllu
MoiStuPe Abs. 001 02 Oo
Temp, (°F) 21,00 2Lhoo - 2350 ° 2290
Xsrav’ Cord, Cord, Cord, Cord,
Trans, &:.S ———— - ——— 10,500 psi
CB= CB=8 CB=9 CB=~10
58 .S 58 S 58 s 58 S
19 A 19 A 19 A 19 A
23 B 11,5 M 7.67 M 5.75 B
11.5 B 7.67 B 5.75 S
7.67 C 5.75 C
' 5.75 M
Max. D. 2 813 2.828 2,738 2 655
Moisture Abs, 0.8 0,0
Temp, 6( °F) 2200 2200 1900 6 1900 6
T. E. ~——— meeme  8,78-%~10"° 8,31 x 10~

onfFwnp -
® & @ o o

Maxinum Density Attained

Moisture Absorption (%)

Firing Teuperstove (°F)

Crystallinc Phascs shown by X-ray Analysis
Transversc Strength

Thermal Expansion



Carbonatc~Mallincrodt Chcmical Works, Thc compositions arc
shown in Figurc 2, Thc phase diagrans of the MgO~Al20a~S10a

systcn,

D, Results

All rcsults arc shown in Tablc I on page L.

Compositions C=1, C=2, C=3, C=l, C=5, C=6, and S=1 from thc
draw trial proccdurc were X=raycd to dcterminc the crystalline
phascs presant at various tcmperatures in thc firing operation.
The samplcs rcmoved from the kiln in thc draw trials werc used
for thc Xeray analysis,

All thcse compositions devitrificd at 1700°F into alumina,
and at all higher temperatures cordicrite was the only phase

present, This is shown in Tablc 1I,

TABLE 11

Crystallinc Phascs vs, Firing

Temperaturc as Determincd From Draw Trials

Colp .
lass 1303‘ Cordieriga
1100°F 1700 °F=1800°F 21400 °F
c-5
lLass |A120 s Cordieritd  _
cug  MOO7F 1700 800 2900°l"
bLass |Al203 | Cordicrit

1ILOCF NS soo” 29009~



Thermal cxpansion detcerminations were performed using an
interferometer on samplcs CB~9, and CB=10, cordicritc compositions
in which a scrics of alkalinc carths werc substituted for the
magnesia, Thc thermal cxpansion of thesc compositions was
desired sincc they attain @ nonwporous statc as tew as 1600°F,
The compositions posscssed relatively high thermal expansions

® and 8.31 x 10"® for bodics CB=9 and CB=10 -

8.72 x 107
rcspectively.

The thermal c¢xpansion of the other cordierite compositions
will be shown in thc following rcport,

Compo8itions C=1, C=lL, C=5, and C=b6, all cordierite bodics,
attained maturity in the temperaturc range of 2350~2450°F, The
lowest firing composition, C=6, was fircd in an industrial kiln
at approximatcly 2290°F and was found to attain maturity under
thesc conditi ons, Compositions C=2, C=3, and S=1 did not
approach maturity as high as 2450°F. The maximum densities
and lowest moisturc absorption at thc corresponding temperatures
arc shown in Table III,

Compositions CB=7, CB=8, CB~9, and CB~10 arc a cordierite
composition in which thc magnesia has becn replaced by a serics
of alkalinc earths. Compositions CB=9 and CB=~10 were found to
be non=porous at 1600°F, Thesc compositions attained their
highest density at 1900°F and began to melt at 2200°F, These

results are shown In Table 1IlI.



—?-

TABLE 111
c=L Density Moisture Absorption (%)
2350 °F 2.5h1 0,11
2100 °F 2,587 0.13
250 °F 2,156 0.30
c~5
2350 °F 2,407 0.09
2400 °F 287 .20
2450°F 2.216 2.2
c=6 |
2350 °F 2,57 0.7k
2L00 °F 2,443 NN
2450 °F 2,190 0.36
Commercial Kiln ‘
2290 °F 2.hh1 0.20
¢B=9 :
1600 2,593 0,00
1700 2,666 0.00
1800 2.738 0.00
1900 2,738 0.00
2000 24726 0,00
2100 2,717 0.00

2200 2,523 0,00



TABLE I11(Cont,)

CB=~10 ’

1600 2,195 0,00
1700 2,601 0,00
1800 2,6L6 0.00
1900 2.655 0.00
2000 2,648 0.00
2100 2,643 0.00
2200 Melted

E, Summary

The devitrification techniquc of the pre~-rcacted materials
procedurc has becen atilizcd to precparc a scrics of compositions
whosc principal crystallinec phasc is cordierite a mggneslum
aluminosilicate which exhibit low thermal e¢xpansion, Of 10
compositions prepared and partially cvaluated, onc in particular
shows considcrablc promise, It matures to 0,00% moisture atsorp-
tion when fired to approximately 2300°F in a laboratory kiln
and in an inductcd thermal kiln, Its transverse strength is
10,500 psi. Thc bulk density is high, however, its percentage
of true density has not been detcrmined as yct, nor has its
thermal expansione Thesc propcrties will be reported in the

next report,



In an effort to reducc the firing temperaturce of a cordi-
eritc composition 2 scrics of alkaline earth oxides werec sub=-
stituted for thc magnecsia, This resulted in maturity at 1700°F,
however, addition of thesec oxides has resulted in rather high

thermal expansions.
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11. SINTERING STUDLES

A. Introduction

An investigation of densification in vacuum of pure alumina
and alumina containing 0,25% and 2.00% Mg0 was completed and
reported, In order to determine the range of solld solution
and densification characteristics three additional compositions
were fabricated between the 0,25% and 2.,00% Mg0 compositions,
Six compositions were fabricated and fired in vacuum, dry
hydrogen u~d helium, The effects of compositional change and
atmosphere change on densification are compared in this report,
An understanding of the manner in which firing atmospheres and

additives affect the sintering of purc aluninun oxide will cnahic
better control of the sintcering process, This in turn w!ll re-
ducc the firing temperaturc of high alunina ccranics and main-

tain the refractoriness of these compositions,

B. Theoretical Considerations and Methods of Agproach

The six compositions investigated range in composition
from 1007 Al=03=0% Mg0 to 98% Ala0 3-2,00% Mgo. As scen from
the vacuum firings described in previous reports there seems
to be a different mechanism operative in the sintering in the
0, 0,25 and 2,00% Mg0 compositions, It was postulated that
this difference might be attributed to the formation of a
solid solutionof magnesia in purc alumina for the 1-4% Mgo

composition and the formation of a solld solution and a second



phase, namely spinel, for thc 2,00% Mg0 composition, X=-ray
determinations will be made on the six compositions investigated,
In order to makc very precise measurements utilizing Xeray
diffraction, reflection of X-rays will be madc at high Bragg
angles, Since the d spacing is a function of sme~! at high
values of O the precision of the value of d determined by x~ray
diffraction increases., Any change in d spacing as Mg0 is added
to pure alumina indicates the formation of a solid solution of
magnesia in alumina, When no further change of d spacing occurs
as more Mg0 as added to alumina the limit of substitutional
solid solution has becn recached, In this way the number of ]
vacancies introduced to the alumina matrix can be calculated,
The phase relationship between solid solution and formation of
a sccond phase will be evaluated as a function of composttion,
tempcraturc, and firing atmosphere, In addition a comparison
of the densification characteristics of these six compositions
will be compared as a function of tempcraturc and atmosphere,
The program described abovc will afford a greater degree
of control of the sintering of aluminum oxide, In this way
control of grain sizc and bulk density can bc abtaeined for negar
100% A3:08& ccopositions that 4o not contain a glassy phase., In
addition, thc maturing temperaturc of thesc compositions can be
considerably reduced and the matnred body will have more desir=
ablc engineering properties than those maturing within this

temperature region,
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C. Compositions

The compositions to bec used in this investigation are:
1, 100% 1l20a3 -~ 0,00% MgO
2. 99.75% Al20a - 0,25% Mg0
3. 98% Alz0a -~ 2,00% MgO
In addition to the above mentioned compositions three
other compositions were prepared for X-ray studies, Density
and microstructdire of these additional compositions will be
compared at the five hour soaking time to the three major
composi tions,
These compositions are as follows:
1, 99.5% Alz03 = 0.,50% MgO
2. 99% Alz0a = 1,00% Mgo
3. 98.5% Alz0s = 1,50% Mg0

D, Tebdrication

One hundrcd gram batches were prepared of the six composi-
tions under investigation, Alumina {Linde "A") was weighed on
an analytical balance and placed in a glass jar, Magnesium
nitrate solution, in the proper proportion was added to the
batch, Five hundred mullilities of distilled water was added
to form a slurry, The glass jar was scaled and agitated for
half an hour, and the slurry poured into a pan covered with
aluminum foil, The residual slurry was removed from the glass
Jjar by rcpeated washings with distilied water and addeq to the

pan. Next, the slurry was dried and placed into a jar, The
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residual material sticking to the aluminum foil was carefully
scrapped off and placed into the jar making surc that no agglo=-
merations had occurred, The dried material was agitated in the
glass Jar for 30 minutes and then removed and placed in an
alumina mortar andpestle where sufficient distilled water to
prepare a powdered compact was added, The batch was remixed
and ground. In order to avoid the sticking of the batch to

the diec, one piece of paper was peaced on e¢ach punch facc.
Discs of the raw material were prepared in hydraulic press

with a 5/8" die, pressed to 50,000 psi and then removed and

storcd in a desication,

E, Firings

Firings of the six compositions wecre carried out at 1550,
1650, 1700 and 1750°, for a five hour soaking period, in
atmospheres of dry hydrogen, dry helium and vacuum,

The furnace used for thesec firings is a high temperature
vacuum furnace, utilizing rcsistance heating, The heating
element {s a cylindrical sheet of molybdenum twelve inches
long by 0,005" thick, The diameter is approximately two inches,
Electrical contact in the furnac was maintained by press
fitting the molybdenum hcating element between an upper contact
cone at the top of the heating elemcnt and a lower contact cone
at the bottom of the heating element, These cones rest on an
upper and lower seat respectively, /4 further detailed‘de§cr1p-

tion of the furnace can be found In progress report No, 3,
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Difficulty was encountercd in malintaining eclectrical
contact in the furnace when dry hydrogen was used, In order
to remedy this situation the following was done,

1, Holes werc drilled and topped into both the top
contact cone and the top seat, Screws wgee then put in thereby
stopping the top contact cone from rising and breaking electrical
contact,

2, Two pins were soldered into the bottom seat and two
keyways were cut into the bottom contact cone. When a torque
was applied to the bottom contact cone the pins were able to
slip into the keyway thereby stopping the bottom contact cone
from rising and breaking electrical contact,

A problem of oxidation developed with the use of a helium .
atmosphere, The molybdenum heating element was found to oxidize,
In order to eliminatc this during a firing dry hydrogen gas was
introduced until 1000°C at which time it was discontinued, It
was found that by doing this the oxldation of the heating
eclement was nearly completely stopped,

It is speculated that the source of oxygen is due to the
residual air in the furnace and the air absorbed on the surface

of the molybdenum heating elemecnt,

F, Results
Buik densities and mois*wure absorption results for the six

compositions investigated as a function of temperature and
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firing atmosphere are summerized in Table 1 on page .

1, Moisture Absorption

It can bec scen that in vacuum only the 0,00% Mg0 composi-
tion does not attain 0,00% moisture absorption at the two lowest
temperatures investigated, In hydrogen it can be seen that the
0.00% MgO0 composition doesn't have a rcro moisture absorption
at 1550, The moisturc abéorption of the 2,00% composition is
much lower than the 0.00% composition, In the casc of the hcliur
firings it can be seen in Table 1 that all the compositions
do not havc zero moisturc absorptl ons at 1550°C cxcecpt for the
0,50% Mg0 composition, In addition the motstnrc absorption for
the 0,00 and 1,50% compositions arc thc highest and the 0.25 and
2.00% Mg0 compositions arc the lowest, In the case of hydrogen

and helfum therc iIs no moisturc absorption above 1550°C,

2., Bulk Density

Figures 1, 2, and 3 arc plots of bulk density versus
firing temperaturc, in a particular atmosphere, for the six
compositions investigated, These data are shown in tabular
form in Tablc 1 on pagce .

Figure 1 is a plot of bulk density in vacuum, as can be
seen from this figurc the 0,00% Mg0 composition has thc lowest
density of all six compositions, The 0,50 and 0,25% have the
highest density with thc 1% composition lower but very close
to the 0,25% Mg0 composition, The 1-1/2 and 2% composition have
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intcrmediate densitics but these densitics doverge at the higher
ternperaturos while the 1/2, 1/l and 1% compositions tend to con-
verge at the higher tcaperaturcos, It is scen from these graphs
that the 1/4% and 1/2% Mg0 compositions approach theoretical
density at 1700 and 1750°C.

Figure two Is a plot of Bulk De¢nsity versus Firing Tempera=
ture in dry hydrogen, It ecn "o sgen that the retical density
(3.9%7) is very closely approached by the 1/2, 1/L, and 1% Mgo
compositions, The 27 and the 1-1/2% compositions are again of
intermediate density with the density of the &% ccmposition
dropping off a; 1750°C, The pure alumina composition has the
lowest density,

Figure three Is a plot of Bulk Density Versus Firing
Temperatures in dry helium, It is interesting to note that
after 1650° the densities of all compositions remain the same
or drop, The densities of the 1/4% and 1/2% Mg0 . .npositions
are the highest and are faitly close but they do not approach
theorectical density as in the casec of vacuum or dry nydrogen,
The same general relationship of composition and density holds

in this atmosphere as in the others,

G. Discussicn

1., Composi tional Density Variations

It was found that wiith all the atmospheres investigated
that the 1/l., §/2 and 1% Mg0 composition had the highest degree
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>f densification. The 1/47% Mgo composition was found to have
the highest density whilc the 1/27 MgO composition had the same
cr very slightly lower density., The 1% Mg0 composition always
had the lowest density of the three., From this it appears that
the limit of so;id solution is somcwhaerc in between the 1/L%

and 1% magnesia, This would mean that there would be an increasc
in vacancy concentration due to substitutional solid solution
and therefore an incrcase in the sintecring rate for all three
compositions, In the casc of the 1% composition some of the MgO
might also go in as a sccond phase and thereby inhibit sintering
and counteract some of the beneficial effect on sintering of the
Mg0 in solid solution, This cffcct is further increased with
the further addition of magnesia, thcreby yielding lower densi=
ties for the 1,5 and 2% Mg0 compositions, The data show that
the 1,5% composition is lower than the aforementioned thrce
compositions and the 2% Mg0 composition is stiit !ower7 The
pure alumina composition has the lowcst density of all, Thls
indicates the beneficial cffect magnesia has on dgnsification,
even if some of the Magnesia forms a second phase, The proposed
mechanisms mentioned above can be investigated by X-ray diffrace

tion at high Bragg Angles,

2. Firing Atnosphere = Density Veriations

In all three atnospheres thc cffcct 5f composition ¢n
deasity is the sanc, It can be Scen that both the t/ls-and 1/2%
McO compositicns approach theoretic#l density in both dry hydro=

gen and vacuum, They do not approach very near theoretical
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density in a helium atmosphere, This cffect may be attributed
to the following recasons:

1. Iu vacuum thc total gas pressure is reduced apd there=
fore the surface tcnsion forces can collapse the pores, In
addition vacuum itself may add in sintcring by vgporizing Alz0s
and redepositing it as a rcduced form of alumina, (thc vapor of
Al20a is the Al0 or Al=0 species), crcating vacancics,

2. In hydrogen the gasecous hydrogen atom or diatomic
molecular can react with alumina to form a suboxide and thereby
incrca8c thae vaccncy ccncentration, In addition atomic or ionized
Fydrogen way be formed 8t the alumina surface at these tempera-~
tures and, since thesec species arc dimentionally small and
reactive with alumina, diffuse to the grain boundary and sink
therc, In this way thc gases in the pores are removed and the
pore can collapse duc to surfacec energy considerations,

3. In helium we are dealing with a nonrcactive atmosphere
with atoms having a diffusity similar to hydrogen., The only
major difference between the two_atmOSphcres is the chemical
reactive differencc between them, It does scem llke}y that
helium gas can diffuse through the alumina structure, This Is
substantiated by the results which show that theoretical density
cannot be achieved with helium and overfiring is noted with
nearly all compositions above 1650°C, It is felt that in this
final stage of sintcring alumina to theorctical density the

helium gas is trapped within the pores and the pores are trapped



within the grians, duc to exaggeratcd grain growth, or are
closed off. As thc tcmpcrature increcases the pressure within

the pore 1s i{ncreased and the pore expande thereby decreasing

the densit: .

H. Future Work

The compositions discussed above will be analyzed with

rcport to structure, grain size, volds, ectc,
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FIGURE 1

THE PLOT OF BULK DENSITY IN VACUUM
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FIGURE 2

BULK DENSITY VERSUS FIRING TEMPERATURE IN DRY KYI'ROGEN
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FIGURE 3

BULK DENSITY VERSUS FIRING TEMPERATURE IN DRY HELIUM
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