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INTRQDUCTION

In the time available it has not been possible to
ocover all of the German refractory industry concerned with
special high temperature refractoriss. Rather, it has
been ths objective of this investigation to cover the work
done in several important companies on the adaptation of
refractories to gas turbine blades, Two miscellansous
targets of opportunity are included.

COMBUSTION TURBINE BLADES.

In the design of gas turbines, the most important
single factor controlling the efficlency is the tempera-
ture at which the geses enter the power turbine from the
combustion chamber. Thermodynamic calculations show
that the higher this initlal temperature is the greater
can be the fraction of the sensible heat of the entering
gases converted to useful power. Such factors as the
pressure used, ths compression ratio, the interchange of
heat between the exhaust gas and the entering air and the
efficiency of the compressor are all important in deter-
mining overall efficlency, but the initial temperature
is the single variable that establishes uniquely the max-
imum possible performance.

Normal flame temperatures are far too high for any
of our present materials of construction, and conseguently
these materlsls become the most important limitation in
combustion turbine design. Refractory lining of the com-
bustion chamber or cooling of its walls is practical, so
that the critiocal parts are the turblne blades in & reac-
tion turbine or the nozzles and blades in an impulse tur-
‘bine.

The practical utilization of the combustion turbine
&8s an efficlent prime mover has necassitated the develop-
ment of turbine blades with hlgh strength, high resist-
ance to corrosion and low creep at high temperatures.
Conventional alloys serve to 1000° ¥, while newly develop-
ed and expensive alloys have ralsed the permissible
operating temperature to 1500° F with an accompanying
large increase in efficlency. Due to the tendency of
8ll metals to yleld slowly under load at high tempera-
tures, there is no bright prospect for again ralsing this
top operating temperature by & substantial increment.



Wnereas in Americe where the elements of these high
temperature alloys were relatively abundant during the war,
they were inoreasingly scarce, and almost uncbtainable to-
ward the end of the conflloet, in Germany. This scarcity
directed attentlon to the possibility of utilizing non-
metals in turbine construction.

CERAMICS FOR TURBINE BLADES

Several German organizations turned their attention
to a study of ceremlcs for blades. In generel porcelains
and glasses have three main disadvsntages. They ere
mecbanically weak, they are brittle and they oan be broken
by steep temperature gradients (so called thermal shock).
Thelr advantages are two, viz: they are inert to oxlda-
tion regardless of temperature and certein types show
mechanical rigldity at temperatures well in excess of
those attainable by metals.

Since at present there is no hope of producing a
nonbrittle ceramic, attention was divided between composi-
tions for high strength and thermal shock reslstant
compositions.

For strength, no ceramlc has been produced to

compete with sintered alumina. 1Its tensile atrength 1is

approximately 38,000 pounds per square inch at room

temperature and decreases very little up to 1830° F. -« Leoo

Even at 2200° F the tenslle strength is s till 20,000 ,

pounds per square inch. The compressive strength

figures for room temperature and 2200° F are 450,000 snd
Y826 yea 70,000 pounds per square inch respectively. Due to the

low specifioc gravity compared to metals, roughly one

helf, the centrifugal force on a blade of sintered

alumina is only one-half of that on one of metal. 1In a

centrifugal field of 10,000 gravity, roughly the order

in practice, a three inch high blade would be stressed

to 4,300 pounds ‘per square inch at 1ts base.

Since all ceramics are rigid and nonylelding, one
of the primary problems involved is that of attachment
of the ceramic blades to the metal turhbine runner so
that stresses will be uniformly distributed over the
cross=section. The difficulty of attachment 1s
further increased by the fact that ceramics and metals
have, in general, qulte different coefficlents of
thermal expansion.



The problems of attachment loomed so high to
Prof. Schmidt that he abendoned the effort to use ceramio
blades on the rotor and confined his attention to ceramle
stator and water cooled rotor blades, although he did give
some effort to the construction of a turbinre in which the
portion that is normslly stator rotated while the normal
rotor was stationary. In this way the rotating blades were
put under compression instead of tenslon.

On the other hand, 3iemens, Neuhaus, devised a blade
design and mounting method that showed great promise,
blades of sintered alumina in the first and only test
tried attaining & speed of 30,000 r.p.m. on & radius of
40 om before breakage occurred.

Sensitivity to a thermal gradient is increased by &
high modulus of elestlcity and by a high coefficlent of
thermal expsnsion, and decreased by high strength and by
high thermesl condustivity. For use in alrplanes, & con-
bustion %urbine maey be subjected to sudden and violent
temperature changes as power is suddenly applied or cut
off, and consliderable attention was given to the develop-
ment of ceramics that would be insensitive to such
changes., Hescho experimented with e composition,
Ardostan, with a thermel expansion only & sixth of that
of sintered alumina and also with compositions containing
silicon carbide for high thermal conductivity. Berlin
Porcelain made very thermal-shock resistent blades of
bonded silicon carbide, and Siemens achleved the same
result by incorporsting iron in sintered alumina.

None of the compositions that were developed for
their resistance to sudden temperaturs change are as
strong as sintered pure alumina, nor do they retein
their strength as well to high temperstures. The
gelection of material for a specific application must,
therefore, depend upon the relative importance of
strength v. heat-shock resistance. From the narrow
standpoint of turbine blade design and composition, the

 easiest solution 1lies in placing them under compression
by the centrifugel force, in which case they can be made
of materials resistant to thermal shock and wlll heve
adequate strength.

The above materials considered are highly crystal-
line. Glasses such as fused silice have been found
entirely unsultable due to thelr rapid devitrification
et the desired temperatures, and to their tendency to
creep.

-3 -



LFA. BRAUMECHWEIG

The Herman GBhring Luftfahrtforschungsanstalt (LFA)
was visited on Jupe 20 to interrogate Professor Ernsi
Schmidt end Mr, Soehngen on thelr attempts to adapt
ceramics to combustion turbine construction. Thelir sole
interest was in the application of gas turblnes tao alr-
eraft propulsion, and consequently some of thelir efforts
were not well balanced. Apperently through thelr activi-
ties the following firms were stimulated to do work on the
manufacture of ceramlc blades:-

Hescho, Hermsdorf near Jena.
Stemag Berlin and Nuernberg.
Berlin Porcelain, Berlin and

Selb bel Bayreuth,
Degussa, Stlerstadt bel Frankfurt.
Slemens Neuhaus, bel Sonneberg.
Osram, Berlin.

The strongest blades that were offered to them were
made by Degussa and 3iemens from sintered alumina.
Koppers also furnished strong blades of alumina conteining
1 = 2% magnesia. The alumina was relatively sensitive to
heat shock and consequently much of their attentlon was
devoted to other produots. '

Four turbines were made or projected before the
work was terminated. The first, T-1, was to have & rotate.
Ing shell and statlionary axis thus putiing the rotating
bledes in compression. The parts were orderad but due to
8 low priority their delivery was greatly delayed and ex-
tensive work wae dane 1n the interim on water ocooled
blades. The results were so successful that T-1 was
never completed, and T-2, a four stage unit with only one
row of blades mounted, was built., This had a tip diameter
of 12.6 inches and a speed of 660 feet per second. With
the hot gas at 2200°F, the mild stesl blades ran at
700-900°F. The alr was compressed to four atmospheres
and the exhaust was at half an atmosphere.

Various ceramics were trisd for stator blades bdut
failed at s temperature of ca 1470°F, apparently due to
poor heat-shock resistance. Alumina-iron compositlons
were not tried. It was Prof. Schmidtts bellef that
22000F could be reached with proper root flxtures and
a8 not too high rate of temperature change.

Tarbine T-3 was to have all four stages mounted.
It was never run.
-4 -



Turbine T=4 was in the course of deslign. It was to
have been built by MAN to operate at 2200° F and have water
pooled blades. The output was to be 5000 kw,

A s0l1id ceramios rotor was consldered impractical,

Attempts to mount ceramic blades in metal footings
folliowed four approaches. Pressed iron powder proved
unsuccesdful due to the different coefficlents of expansion
of the iron and ceramic. Silvered blades silver soldered
into the footings failed due to fusion of the solder.
Sprayed metal was too slow to build wup. The best method
found was to tamp iron powder around the blade set in a
recess in a steel block. The recess was the same shape as

the blade but a 1little larger. The powder was then sintered.

The interrogator was impressed by a lack of ingenulty
in solving wmounting problems.

For other pertinent reports see:

CI0S Report on Research and.DeVEIOpment on Gas Turbines
et LFA by He Constant, MAP.

CIOS Report on The Development of Ceramic Materials for
use in Ges Turbine Engines at LFA
by F/L G.H. de Wiltt, RCAF.

Materials used or on hand for turbine blades wlth
brief commenie weret=-

Steatite

At 1650°F the tenslle strength is only 3000-4,500
pounds per square inch and its "Dauerfestigkeit® is small.
It shows conseiderably more resigtence to heat shock than
sintered alumins, but shows a bad ageing effect involving
grain growth and loss of strength.

Porceleain

Strength about that of Steatite. Noi as good shock
resistance, alv ages,

Ardostan
High resistance to heat shock, due Lo very low
coefficient of thermal expansion. No strength data or
observations on agelng.
Celit

Relatively strong, tensile strength 18,000 pounds

“w 5 =



S8ilicon Carbide

Products bonded with alumina, alumina plus sllioa,
Cal1t and Kaolin plus additions experimented with, the
last being best. Strength in ocross bending 5,500 pounds
per square inch, oxidation in 100 hours at 1830°F very
slight. Heat shock resistance very good. Regarded as
second best material for stator bladss. Glazed blades
from Berlin Porcelsaln,Selb, regarded as best.

Alumina plus Iron

Siemens, Stemag and Osram furnished this combination.
Strength sufficient for startor blades, Optimum percent-
age of iron not yet determined, but probably lies between
50-50% by weight. Important %o have very finely divided
iron and to sinter at a high temperature. MNost of the
shrinkage during sintering oocurs between 2560° and 28700F,
A fifty-fifty mixture sintered 13F2870°F showed only 0.2%
oxygen uptake on heating at 1830°F for ten hours.

The strength of a 30% Iron mixture was considerably
increased by heating briefly to 34500F, Cross bending :J%ea“a
strength 22,000 pounds per square inch. On long time
stressing the cross bending sirength drops to 700-5,000
pounds per square inch, depending upon sintering temperaw
ture. At 15400F the cross bending strength of an unidenti-
fied specilmen was 37,000 pounds per square inch.

An iron slumina specimen can be heated to 1470°F and
quenched in cold water without injury. A speclmen was
heated to 1470°F and quenched with a oold alr blast forty
times without harm. Quenching with & cold alr blast 1s
more severe than in cold water. This oomposltlion is re-
garded as the most promising for stator blades.

Further details on composition and tests were
unavailable, due to the destruction of laboratory records
by foreigzn laborers and U.8. soldiers.
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MAN, Augsdburg

From the interrogation of Professor Dr. Doug. Emil
Sorensen of the Mschinenfabrik Augsburg-Niiruberg A.G. by
3,.,T. Robinson USNR and R.3. Sproule, RCAF, on June 23, 1945,
CIOS Black List 6, the following account of the actlvities
at t?i:dplant concerning refractory turbine blades was
obta .

The experlments, designed to find a sulitable refractory
for a temperature of 1470°F and a periphsral speed of 490
feet per second, extended over six years.

Sintered silicon carbide had attractlve properties due
to its strength at high temperatures, but it could not be
molded to dimensions and grinding proved very difficult,
For example, 1t required four hundred hours to remove
0.l inch from the root of a sample blade. (Such ineffioci-
ency is almost unbelievablel) They did not try to cement
the blades into a root flxture.

A whole runner, including blades, was made for them
by Heraesus Glasschmelrze of Hannau of fused quartz for
RM 1200. It was elight inches in dlameter and was deslgned
to be held to steel shafts by a through bolt. Its resist-
ance %o thermal shock was not consldered sufficient for
aircraft applications. Also the tendency of the fused
quartz »o orystallize was regarded as a dlsadvantags.

Sorensen concentraeted hie attention on porcslaniec
materials fired at 14009. The best found was a mixture of
quartez, aluminum sillicete and manganese dloxide or mangan-
ese sllicate. All materlals showed & serious drop in
tensile strength above 1470°F, Room temperature strength
of the materlals studled varied between 5700 and 17,000
pounds per square Iinch.

¥o practiosl aspplication of ceramlies to gas turbines
wag made,

An appendix gives & list of laboratories and firms
sngaged in gas turblne research and development.

See also USTAP Tech. Intelligence Report No. A 422,

3569 - 7. A2



3
BEESCHO, HERMSDORF ned4ar Jena

Dr. Fritz Obenaus, director of the porcelain works,
Dr. Scheid, Technical Manager and Dr, Eease, who is
taking Dr. Rathte place were interrogated on their ex-~
perimental work on the production of gas turblne blades.
Found that Dr. Rath, their best authority end one of the
pest ceramists in Germany, had shortly oefore been evecuat-
ed to soms unknown destination by the U.S.Army, apparently
through the efforts of Mr. Brensford and Mr, Clark, who
nad spent two weeks in the plant. Thelr interest was in
high frequency insulation. Dr. Rath was also & Privat
Docent at the Unlversity of Breslau.

The compositions with which bhis company experiment.
ed for turbine blades were thelr trade named products
Calit, Sicallt and Ardosten. The work on turbine blades
had been under way only a short time and, therefore,
mosgre quentitative dats were available,

Meesurements were confined to tensile and cross
bending strengths between room temperature and 18309F.
A good desal o effort waes devoted to evaluation of the
results in relation to the character of the fracture
obtained. They feel that much can be learned on the
quality of the particular articls by examination of the
fracture surfaces. Tensile measurement at elevated tem-
peratures were slow due to the faet that the furmace
takes only one specimen at a time, 80 that more attention
was glvem to cross-bending in a furnece in which 18
specimens could be tosted at one time, esch being support-
ed at the ends and independently losded at the center by
& 1ink and cersmioc rod passing through the pottom of the
furnace end in turn being loaded by & lever and weight
below. Due to the large spreed ln results with ceramioc
bodles, they took many measurements for a single value.

They had projected centrifugal tests on aotual
turbine blades, but had not yet started them.

Since the maximum firing temperature availaeble was
ca 26500F, compositions with very bigh softening tesmper-
atures could not be produced.

The preferred methods of forming turbine blades
were slip casting or pressing, prefiring to 140Q°F,
shaping the relatively soft article and then firing to
ca 2500°F, They successfully extruded hollow blades.

Some data could not be found and it was assumed
-8 -



that Dr. Rath had taken it with him. Experiments were
projected in which ageing effects, flow and breakage under
long tlme stressing were to be astudied.

Calit
The composition of Calit was given as:a
Soapstone 65.8%
Wildsteiner Ton 16.2%

Barium carbonate 10.8%
Magnesium " 7%

100%

The most frequent tensile strength values range
between 6000 and 9000 pounds per square inch &t room
temperature, with numerous single values both above and
below. At 1830C°F, the median is slightly higher.

In cross=bending the most frequent values center
around 20,000 pounds per square inch at both room temper-
ature and 1830°F,

Ardostan
The composition is:w
Keolin 44%
Bentonite 4%
Silemanite 18%
Feldspar 10%
Soapstone 217
Witterite 3%
, 100%

The most outstanding feature of Ardosten is its
exceptionally low coefficient of thermal expansion,
1,1 x 10-6/0C, It naturelly makes Ardostan very
insensitive to sudden changes of temperature. The
low coefficient 1s due to the formstion of cordierite
on firing.

Tensile strength ranges around 6000-7000 pounds
per squaré inch with no temperature dependence up to
-9-



1830°F.

4
The quality of the fracture was in general betier than
Calit.

Sicalit

S1calit 1s Calit containing about 40% by welght of
s1licon carbilde. It cdn be heated to redmess in thin
sections and plunged into cold water without harm., No
measurement had been made on the rate of oxidation at
elevated temperatures, nor had any attempt been made to

glaze 1t.

The most frequent cross«bending strength values
ranged between 22,000 and 28,000 pounds per square inch
at temperstures between normal and 1830°F.

No tenslile figures were avallable.

Other physlcal propertles for the first two ceramics

arel=-
Callt Ardostan
Compressive strength 150,000 pi® 48,000 p12
Modulus of elastiolty 17x10° 14x10°
Specifio heat 0.2 0.2
heat conductivity
k. cal 1e9u242 1,742

m



SIEMERS, NEUHAUS
bel SONNEBERG

Dr. Wm. Bussem, research director, Dr. Koenlg,
Works Manager and Dr. Hans Réeusch were interrogated.
Sintered alumina is & well established product wilith them
(Sinterkorund). They were the first in Germany to under-
teke its manufacture commerclally, and now make laboratory
ware, fine tubes and rods for use in vecuum tubes, pyro-
meter tubes, spark plugs etoc.

Preparation of the
811p .

Pure alumina of a grade for metal manufacture 1s
purchesed. The seller calcines it to a temperature un-
known to Siemens. This calcination is important for the
subsequent grinding and slip productlion. If the calcina-
tion temperature is too high, grinding is mede Aiffiault,
apparently due to formation of too coarse crystals. If
it 1s too low, the washing of the slip 1s difficult and
the cast density is low.

There 1s evidence that the fine crystals are some-
what tabular.

Grinding is in an iron bell mill dry. It is oontinued
until the bulk of the particles lie between 0.5 and &
microns, with the most freguent particles 1 micron in dla-
meter. The powder is then digested with 6% hydrochloric
acid for 8 days at 1220F. The object 1s twofold, viz.,
to dissolve aell iron and to etch the particles to condltion
them for the production of a good slip. If the concentra-
tion of hydrochloric acid 4s too high, subsequent washlng
becomes difficult.

To prepare the slip, the above slurry is diluted
with water and washed by decantation until the hydro-
chloric scid content is reduced to 1.5%. The iron content
is then approximately 0.3% FeClz. In this condition a
good slip is readily formed without any orgasnic or inorganlc
additions.

Cesting is into plaster molds which remove some of
the iron and alyxall from the slumirna. The remaining
iron chloride and alkall volatllize on firing.

Very fine tubes and rods for the radio industry
are extruded under a pressure of cne ton per square inch.
For this purpose, 3% gum tragacenth is added to the slip.

-11 -




Firigg

Firing 1s carried out in a gas fired tunnel kiln
43 feet long, 11 inches wide and 4 Inches high. The temw
perature rises rapidly as the ware progresses through the
kiln to a maximum of 3180 to 3270°F, depending on the
size of the pleces being fired. Cooling starts immediately
80 that the ware is at the sintering temperature not more
than half an hour, and the total cycle is complete in 40
hours.

The short time at top temperature is desizned te
prevent crystal growth. Thelr observations indicate that
better physical and electrical properties result if the
ultimete crystal elze is held at a minimum. When the ware
is fired in the tunnel kiln as sbove, microscopis measure-
ment of the crystals gives dimenslons of approximately
11x17 microns. Fired in a periodic kiln in which the ware
1s held at top temperature longer, the crystel dimensions
were 23x27 microns.

In the tunnel ktln the linear shrinkage of the ware
amounts to about 21 ® 1%, If, on the other hand, the
alumina has been pressed at 4500 pounds per square inch
instead of being cast, the shrinkege 1s 17%.

The top temperature to which 1t 1s necessary to fire
alunina in order to get a well sintered product 1s largely
dependent upon the particle size, and to a lesser extent
on the size of the artlcle being fired. With more coarsely
ground alumina, the firing temperature may exceed 34500P,

The tunnel kiln is of conventlonal design in which
there 1s a heat recuperator consisting of parallel alloy
steel tubes overlying the ware 1n the preheating zone and
then passing over a baffle above the hottest zone before
golng to the burners. The tubes reach a temperature of
ca 1800°F, and the temperature of the air entering the
burners is 600-9500F,

Pfoperties

Chemically, the sintsred alumina is 99.6ZA1,0..
The impurities conalst of 0.1% Fe,0., 0.1% MgO, 3.37, S10p
and a trace of calslum and alkali, “For electrical

purposes 1t 1s very important that the quantity of alkali
be held very low.

The physical properties are:
- 12 =



den51ty 3-8‘- 509 yccn

porosity 1-4%

specific heat 0.20 6

thegmal expagaion 3.1 x 107 pgr_og. rgr 70-248°F

4,3 " 70~16900
moduylus of elasticlity .
single orystals 71 x 10  ‘pounds/sq. in.
olyorystalline 43 " " "
?ppreelain 14 x 105 pgunds/ag. ip.) _
tensile strength, room temperature 37,000 pounds/sq.
in.

tensile strength at 1830°F - 34,000 * "
cross~bending strength room temperature 49,000 *® u
compressive ° " " 430,000 * "

*  1830°F 120,000 * "

(porcelain cross~bending strength 8,500 pounds/sq.in.)
heat conductivity = 21 kg. cal/hr m°C. '
{porcelain = 3-4) & '
water absorption zero.

S8iemens have & method of measuring heat shook

presistance in which a-differential temperaturs 1s esteblished
between periphéry end center of an annulus of the material
and gradually increased until rupture occurs. The temperature
differential at rupture is numerically the heat shock res.st-
ance. By this method pure sintered alumina has & value of
90 whereas sintered alumina contalning 2-3% S10p has 130.
The other physical properties of this produot conteining the
silica are close to those of the pure alumina. It has, how-
ever, a greater tendency to flow ufder stress when hot than
purse alumina, and 1s more readily attacked by PbO when used
in spark plugs.

Pure sintersd alumina shows no slgn of a glass phase
when examined in thin sections with polarized light.

The largest pert of Siemens sintered alumina business
18 the manufacture of spark-plug bodies, of which they made
200,000 per month 1n 1944. They were cast to shape and
were not ground after firing.

In thelr maenufacture a defect often occurred in the
nature of minute cracks on inside surfaces. The cause
was treced to a grain orientation at the plaster surface.
The oriented layer shrinks differently from the bo%y of
the insulator, causing cracks. An addition of 0.7

- 13 =
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MgF, to the s8lip prevents the cracks from forming. The
expfanation 1is not understood but it is surmised that the
MgFo mekes orystal growth more uniform in all direstions,
All of the fluorine evaporates from the mass on firing.

Turbine Blades

Preliminary work was done on the manufacture of
sintered alumina turbine bhlades. The composition and tech=
nique of production was the same as for their other products.
The plecture shows one such blade.

Theilr method of mounting was clever and as a first
attempt was very successful. As can be seen from the
picture, a broad, thick base was cast on the blade, with
two grooves in one side and one in the other. This base
wag s8ilvered, heated to 800° to obtain adhesion and then
coppar plated to & thickness of one millimeter. The
object of the heavy copper coating is to provide some
cushioning between the sintered alumina base end the stesl
rotor, the coprer beilng soft enough to flow and permit a
better distrlbution of stresses. The blade is anchored
in the runner by means of three round steel pins inserted
into the three grooves in the base and matching grooves
in the runner,

One experimental rotor 80 cm. in dleameter was buiit
up in this way and teated by slowly increasing the speed,
No blades broke untll 30,000 rpm was reached.

Sintered Iron-Alumina

In some former experiments searching for a good
semiconductor, it was observed that when very fine carbon-
¥1 iron powder and alumina were sintered together, the
conductivity suddenly lncreased tromendously as the iron
content was increased above about 50% by weight.

Reasoning that below this point the iron partlcles were
sequestered within the alumina, 1t occurred to Siemens
that iron-aluminae mixtures might serve as turbine blade
material, 1t having been observed that these compositions
were very Iinsensitive to sudden temperature changes.

Most of the work was done in Berlin and therefore
relatively 1lttle data was avallable at Neuhsus. It
appears, however, that the strength of such mixtures
is good, beling half of that of pure sintered alumina at
60% iron content, and that the Impact strength is
increased. They clalmed not to have done any work on
rate of oxidation of the mixturea. Sitering was done In
an inert or reducing atmosphere.
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1
The Siemens men appearsd not to be as frank on iron-
alumine as with the other matters, and 1t was sensed that
they held baock information that they could have given.

Sintered Rutlle

Siemens made sintered pure rutile by the sane process
as alumina,, The dielectric constant was 100, the loss
angle 2x10~% at one megacycle, and the dlelectric strength
was 10,000 volts/mm,

= 15 =



DHFUSSA, STIERSTADT

Dr. Gustav Jaeger was interrogated on July ©, 1945,
concerning pure oxide refractories. The technique of
producing them is similar to that used by Slemens, with
enough differences to make a description desirable.

Preparation of the S1ip

Caleined pure slumins is ground for 30w70 hours wet
in an iron ball mill using steel balls. It 1s important
that the alumins should he celcined. There is no upper
temperature 1limit, and fused alumina can be used, Sixty

to seventy perocent of the pariicles are under five microns.

The resulting mud containing about 250 kg alumina in
1000 1liters water is acidified with 20-40 kg concentrated
hydrochleoric acid end 1s heated by raumning in steam for
about half an hour. The time is not lmportant. Washing
is by decantation two to three times. The cake is kept
moist and may be stored indefinltely.

Yhen ready to cast, the slip is made 0.5-1% acid
with HCl, the concentratlon not being important. The
workers think thet more acid is requlred for smell
erticles than for large. Cesting is done in plaster.
The distrivution of grsin size from the technical mills
is ebout right for maximum density.

Reyschkewitz, when he was with Degussa, experimented
with grinding to & maximum particle size of 1.5 micron
in & dry ball mill by shaking with & frequency of 5=-10C
per second.

Large pleces, ®.ge, 256 x 6 x 2 cm cen be slip cast.
There is 1ibtle danger of cracking during the drying,
but the large pieces are apt to erack in firing because
of the ehrinkage of 18-20%?

The finished pleces are abdut 99% elumina, the
remsining one percent being silica, soda, iron oxide
and caloium oxide.

Flring

Firing is in a special surface combustion furnace
of pure magnesia sbout 80 cm high and 35 cm diameter.
Tt has been described by Reyschkewitz in Chemlsche
FPabrik 1, 61 (1930); Feuerungstechnik 18, 173 (1830);
Geramic Oxide Single Meterisl 3ystems, T. Springer,
Berlin.

- 16 - i
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The temperature rises in ca& 6 hours to 3420-5500°F,
ia held there about 3 hours, and cooling takes 6-10 hours.
Since the operation of the furnaces is a bit capriclous at
these temperatures, the time that the maximum temperature
1s held 1s varied to compensats for different top temper-
atares. Also heavy pieces are fired longer than light.

Jaeger dld not feel that there was serious danger from
crystal growth, although it 1is important to have an atmos-
phere as free as possible from soda and oxygen to prevent
recrystallization. The product contailns up to 2% pores,
which attempts to sinter in vacuum did not Ilmprove.

Produects

Tubes, crucibles, rods, mortars, boats, dishes,
thread guldes, radio tube insulators, fine hones, grinding
wheel truing discs and speclal brlcks make up the bulk of
their production, which amounted %o approximmtely 1000 kg
per month and was rising rapidly during the war. They
have also learned to make wire drawing dles, but they were
not yet in commercial production.

Sintered elumina can be used &s a cuttlng tool for
plastics, aluminum and copper alloys end even for iron.
It is important to have the lathe very free from vibration.
Cutting speeds are high and depth of cut small. Competition
with sintered tungsten carbide would have to be on a prilce
baslis,

Sintered alumina makes excellent gauge blocks.

Degussa also makes sintered magnesium spinel, BeO,
ZrOo, ThOs and MgO. These speclal refractories
represent only 10% of thelr business, of which BeO amounts
to 6-7% leaving 3-4% for all others, They are all sintered
at the same temperature as alumina. Pyrometer tubes
156 x 600 mm, cruclbles and boats are the main items into
which these other oxldss go. Thoria and berylla can be
made impervious. When magnesla 1s mede, the iron 1s left
in. It is always porous.

Physical Properties

A comparison of the compressive strengths of the
verious products at different temperatures is glven
below, The values are in thousands of pounds per square

inch.
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Temp. Alo0- BeO Zr0, ThOo MpO AloO-

20°C 425 114 300 213 270
200 327 100 270 170 241
400 255 87 249 127 206
600 198 74 220 93 170
800 156 60 192 64 135

1000 106 47 164 43 100
1200 67 83 114 21 43
1400 35 21 21 7 21
1600 7 8 - - -

The tensile strengths of three products are compared.
The valves here are agein in thousands of pounds per
square inch.

Temp Alp0z  BeC  Mg0-Alp0:

20C 37 18.5 21.0
200 36 15,6 17.7
400 35 12.7 1549
600 34,5 10,0 136
800 34 7.4 11.1
1000 32,2 4.7

1200 18.5 1.8 5.3

The influence of the burning temperature on the
shrinkage and modulus of elasticlty of sintered alumina
is given below:

=6
Temp Shrinkage B x 10

1100°¢C 0.7% 1,7 pounds/sq. inch
1200 .8 2,1

1300 1.1 340

1400 1.9 443

1500 369 7ol

1600 7.4 12.

1700 12.3 30.

1800 18.0 50,

1900 19.0 50.

The strength of well sintered alumlne is as high as
that of single crystals, therefore when the sintered
product is broken, the fracture goes through the crystals.

Degusss made turbine blades for both LFA and MAN
of alumina. Believe that it is the best materlal for
the purpose.
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At 1000°C (1830°F) the creep strength after loading
many weeks was found to be 15,600 pounds per square inch.
The lack of resistance to thermal stress fatigue at low
temperatures disappeers with temperature rise due to slight
plasticity. The ability to deform becomes noticeable at
1400°C (25509F), although it is observable at room temper-
ature,

For turbine blades a combination of alumina with
siliocon carbide or metals may be the answer. Silicon
oarbide does not react with it at 1900°C (3450°F).

Other references: Ordnance Target Report Ko,.58 by
Martin Flelshmann.

The following are all by Dr. Reyschkewits:

Uber die Druckfestigkelt elniger oxidkeramisoher
Werkstoffe, Ber. Devtsch. Keram. Geo. 22, 54 (41).

Uber die Zerrelsfestigkolt elniger oxidkeramiecher

Torsionsmodul einiger keramischer Werkstoffe, ibid,
in print.

Relation of tensile strength of ceramic materisls
to sintering temperature, 1bid 25, 95 (1944).

Microscopic investigations of ceramic oxide materials,
Hdbk. Mikroskoplscher Arberts Methoden in der Technik,
by’ Freund, Wetzlar.

Chemical Properties and corrosion Resistance v-«
Chem. Zett. 64, 284 (1940).

Plastische Deformbarkeit SprBder Korper, Ber, d.
Gastechn. Ges. &9, 166 (19‘42)0
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¥ISCELLAREOUS CERAMICS
Eitanium Dioxide Dlelectrics

While time was too limited to cover many of the
ocsramic speclalities in Germany, opportunity permitted
a visit to three pleants manufacturing sondenser dielectriocs,
ahd without making any pretence at covering the fleld
thoroughly, & brief report on these 18 here included.

Hescho, Hermsdorf and Slemens, Neuhaus were vislted
for other purposss and & few detalls concerning the
titanis delectriocs picked up, however, most of the informe
ation was obteined through Iutz & Co., in Lauf, since
_they were supposed to have carried the development of
these bodles farthest,

Dr. Rother at Iutz 1s the experimental physicist who
444 the work, He claims to have made over 2,000 composi-
tions from which the followling have been seleoted. He
wrote & prospectus contalning mich sdvertising glamor
under the date July 16, 1945, parts of which will be
translsted below, Quotation marks will indicate direct
quotation from the prospectus.

For communicetion purposes, the devel opment of high
dlelectric constant refractories has been very important.
The size of the oscillating circults 1s greatly reduced,
and the sharpness of the resonancs pesk 1is improved bY
the use of dlelectrics with a hi constant. Sinece the
temperature stabillty of an oscillating circult is in-
fluenced by the temperature coafficient of the dielectric
sonstant and by the coefficlient of expansion of copper,
these two factors can be made to oppose pach other 80
thet the natural frequency of & circuit becomes relative-
ly independent of temperature, & very important factor

in Germany where extensive use of quartz crzsta%e was
not possible.

To recapitulate, the three important properties of
& condenser dielectric areiw

A high dielectric constant, & controllable temper-
ature cosfficient, and & low dielectric loss.
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"On the basis of the work of the esuthor, 1t 1s
now pRssible to achieve a high dielectric constant and a
very small dielectric loss in the same mass. These
products ere as shown in Group one.” .

"An extremely high value of the dleleotrie constant
has bgen achieved as shown in Group twoe. In the labora-
tory, dlelectric constants as high as 2,000 have been ,
reached, Values up to 500 are in production.”

From personal interrogation it appears that the
stability of the very high dieleciric constant materials
was not satisfactory. While certaln speclmens with
constants as high as 2,000 were produced, reproducta=
bllity was not achieved, Apparently firing conditions
as well as composition are very important. Also, some
of these materiasls havs a tendency to change value with
gggéo Theoretiecally, Rother predicts values as high as
H . :

“In addition to the high dielectric comnstant of
these_new materials, which 1ln Group one possess negative
temperature coefficlents, 1t 1s possible to vary this
negative coefficient or even to make 1t positive",

GrOUE 1.

New ceramic products with dielectric constants up
to 100.

Composition 924

Rutile S 10563 69 parts
"Kronos" titania 10
Lanthanym oxyhydrate 10
Zirconium hydrate 10
Beryllium carbonate 1
Dielectric constant ca 90
Frequency, cycles 800 5000 10,000 300,000
Loss angle x 104 3 1.5 1.5 1

Temperature coeffliclent orethe dieleotric
constant ca=700 x 10-°/°C,

Composition 336

Rutiox 97 perts
Lanthanum oxyhydrate 1
Zirconium hydrate 2
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Composition 336 (Cont:)

" Dielectric constant ca 105
Frequensy 1000 300,000
Loss angle x 10% 7 0.5-1
Temperature coefficient same as 964.

Cowposition 267

Rutile 80,7 parts
Rutiox T
Barium Carbonate 4.8
Zirconium hydrate 5

Dielsotrlc constant ca 95

Loss angle x 10* at frequencies of 0.3-50 megs

room temperature 045

1000 C. 5.0

Temperature coefficient of dlelestric 6
constant ~650 x 107°/o C.

Group 2.

New ceramic produets with dleletric constants
over 100.

Comgosition 164

"Kronos" titania 70
~Rutile 8 1053 10
Titanium trioxide 13
Lanthanum oxyhydrate 7

Dielectric constant 405 at 800 cycles

Loes angle x .1360 at 800 cycles

Temperatufe coefficient of dieletric constant
- 1800 x 10-6/9C

_ The dielectric constant appearw %o have a branched
dependence on fregquency.

Rutile S 1053 above was obtained from I.G. In
general, it 1s desirable to use a mixture of particls
sizes, which explains the appearance of two grades of
titanium dioxide in most of the formulas., It is
important to produce & disleotrlc of maximum density,
preferably wlth zero porosity.

The Kromos titanis 1s & commercial form of anatase
- 29 -



The best results were obtained with very pure
lenthanum contalinlng less than one percent of didimium.

Dr. Rother suggests thet some interesting ceramie
bodies capsble of producing phese shifts in high frequency
radiations could be produced by welding together masses of
bigh and low dielectric constant.

The general directions for the production of these
ceramlos are as followstie

"The raw waterials in the most finely divided form
are mixed in & porcelsin ball mill in approximately the
proportions 1/3 each flint balls, powder and water.

"In general, the water amounts to approximately
295 litres for each 2 kllograms of powder. This is an
, approximate figure and the asctual amount of water is
regulated to give a satisfactory slurry. Grinding is
continued for spproximately 100 hours.

"At the end of grinding, the slurry is passed through
8 140 mesh screen into a tank with propeller stirrer.
It is kept in agitation to prevemt segregation while 1t
is belng pumped from this tank to the filter press.

"The filter cake is ground in an edge mill and again
passed through a screen to give a powder of sultabla
particle size for spreading In the desired forms.

"Thie powder, which must contain a certain amount of
moisture, 1s then pressed into the desired shepes accord=-
ing to conventional ceramlic teshnigue. The burning cen
tske place in a conventional ceramic tunnel kiln, the
time varylng fram 10 to 75 hours depending on the shape
and size of the pleces. The temperature used 1s between
2,5000 and 2,5500F. The exact burning conditions depend
upon the kiln and the shapes belng fired.

"The finished pleces must frequently be glven &n
electrically conducting metallioc coatings The well known
fired silver coating 1s seatisfaoctory. nﬁ commerclial silver
preparation is applied by spraying or brushing, dried sand
the pleces hested for half an hour at approximately 800°C.
For a heavier coast, this process can be repeated or more
metal applied galvanicaelly."

Paramagnetic Products

Lutz & Co., offered two types of ceramic bodies with
inereased magnetic permeabllity. The first 1s represented
by & composition F,11. which consists of soapstone 15 parts,
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and magnetlic iron oxide 85 parts.

"The m&sses with increessed permeability are prepared
exactly as described above. By firing in & reducing or
an oxidising atmosphere, one can obtain sither very low or
very high electriml conductivity. For a reducing atmos-
phere, it 18 sufflclent either to prevent access of air
during the burning or to flush out the oven before burning
with nitrogen®.

The propertlies of F.,11 dielectric are & maghetio
pearmeability of 2.8, a magnetic losa angle of zero, an
electrical loss angle of 0.06, and a dieleotrlic constent
of 5.2. ol

By using iron powder in the ceremic, permeadiliti es
of 14 have been obtained, and h1§her ars prediocted. -
Dre. Rother bellieves that by combinations of magnetioc
pearmeability, dlelectric constant and electrical conduct-
ivity, articles extremely useful for the high frequency
industry can be produced.

~ Por convenience of comparison with other avalleble
dielectrics in Germany, the following table of compositions
‘being commerclially produced by Hescho and Siemens is
included. Siemens mey have produeed a series of dlelectriocs,
but only the one listed came to our attention.

Dielectrics offered by Hesohd and Siemens (not eomplete

for Slemens).

Dl- 4 Temp coaf Spec-
electric Loss factorxl0™ of D,K. 1fioc Res-
Con- at frequencyd x 10a istancyg

stent 800 1000000 £ =10 at 200°C
Hescho Condensa C, 80 302120 §-10 =680 to -B60 7x108
u F. 80 4-156 1.5-5 -680 to =860 4x10°
" Ne. 40 80-65 5420 =360 to -480 9x108
Tempa S. 14 3-50 0,5-1 ¢ 30 to $ 90 2x1010
Tempe. P, 40 25-70 0.5=1.5 0 to -100 -

Siemens 100 - 2 =800 -
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A V A (AERODYNAMISCHE VERSUCHSANSTALT),
GOTTINGEN.

Dr. L. Ritz wasz interrogated on June 22 regarding his
ceramic heet transfer device for returning some of the
exhaust heat to the compressed gas before entering the
combustion chamber. His exchanger 1ls in the form of a
porous disc or drum ground true so that as it rotates each
element alternately passes between sets of ports, and has
first hot exhaust gas from the turbine blow through it amd
then cold lntake alr drawn through. Int hls way by proper.
ly adjws ting the rate of rotation to gas flow and temper-
ature conditions a high percentage of heat transfer can be
accomplished.

He has found that the thermal shock in golag from the
hot to the cold stream 1s not too great for ordlnsary
porcelain., In order to achieve low welght and low pressure
drop through the exchanger, he has mmde 1t a mess of paral-
lel tubes of ca 1 mm dlameter and wall thickness ca 0,15 mm.
This was accomplished by layimg 1 mm rods of wood or plastic
in & porcelain slip, spacing them sultably e.ge., by mem s
of cloth, drying, heating slowly to a preliminary burn of
800°C, grinding to shape, firing to a suitable final temper-
ature, and finally lapplng to dimensions. If wood was used,
the ash was blown out to avoid contaminating the procelain
during the final burh.

One method that he described for conctructing the
exchanger was to support the plastio rods in a web of nylon,
running this through the slip and building up the body by
lamination. The nylon 1s so strong that it requires only
very thin webbing, which, when burned out does not leave
large enough openings to short cirouit the tubes.

Although the tube walls are very thin, the pressure
drop between hot and cold ports is distriabuted between many
walls and the strength 1s adequats.

. One of the main difficulties in construction lles 1n
grinding the surfaces true., The thin walls tend to chip
and crack, He, therefore, prefers to grind after a prefilre
since the mass is then not so brittle as finally.

Ritz estimates the weight of such an exchanger for &an
aircraft turbine to run 0.1-0.15 kg per horse power,
exclusive of housing.

. For aircraft use s cyléndrical design is preferred in
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which the excheanger surrounds and is coaxisl with the
turbine.

Ritz does not think much of Schmidt's water co0lead
blades, particularly for a reaction turbine. He belleves
that 1t 1s preferable to use an impulse type in which the
expansion occurs in refractory nozzles and therefore the
blades are not subjected to suh high temperatures and
can be of metal, He described a two stage turbine, each
with a single row of blades, His plan was to drive the
compressor with one stage, have a heat exchanger betwsen
stages and take the power from the s econd stage. The
two turbines would operate at independent speeds. His
projected turbine for aircraft was to welgh 6500 kg,
would deveaop 15,000 hp at sea l1svel and 5,000 hp at an
altitude of 10 km. The efficiency would be 42-44%,

He has already obtained moszzles of an unknown ceramb
composition from the Berlin Porcelain Co.



SUPPLEMENT
VISIT TO SWITZERLAND |

Upon returning to London, considerable interest was
shown in ceramic gas turbine blades, and it was urged that
as complete a story as possible he secured. In view of the
fact that the gas turbine for power purposes, other than
airplane, has probably reached its highest development in
Switzerland and that Brown Beverl also had a branch factory
in Germany where, it was rumored, use was being made of Dr.
Ritz heat recuperator, it wag decided to visit Switzerland
and try to cut short the labor of finishing the study.

Brown Boverl

Brown Boveri, Baden, Switzerlend, was visited on August
24th by Prof. Stoughton and the author. Dr. Meyer and Mr.,
Thut were very hospitable and appeared {0 answer our
questions frankly. They, very disappointingly, had only
generaﬁ information on what was done in Germany during the
war. o exchange of knowledge hed been permitted with
their plant at Manheim. Dr. Meyer knew a little of the LFA,
Braunschwelg, work under Prof. Schmidt, but claimed to know
nothing but what had appeared in the patent literature.

They in Switzerland patented a blade, made by powder
metallurgy technigue, in which there is a gradation from
pure metal at the bottom to ceramic at the top. He,
however, held out littie hope for succesas with ceramic
blades for two reasons,

First, even in stationary applications there may be
very sudden temperature changes as the power demand changes.
He does not think that ceramics will stend the repeated
shock.

gecond, the vibration of the blades becomes a very
important factor at certain speeds due to synchronizatlon
with the turbine speed or a multiple of it. A high damping
coefficient is important, and that may be dirficult to
obtain with ceramics. To mount the blede in the runner 30
that the vibration does not develop some movement 1s
aifficult with steel and would be very much more difficult
with ceramic both due to its mechanical propertles and to
the difference between the coefficlents of thermal
expansion. 1In high pressure steam turbines it is necessary
to weld the blades into the runner.

Asked about the Ritz heat recuperator of tubular
ceramic that was supposed to have been made in gquantity by
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Hesho, Hermsdorf, for Brown Bovari, Manheim, Dr. Msyer

bad heard nothing of it., He recognized the design as

that of Lundstrom, who had used metal. He did not belleve
that the welght could be as low per kw output as Dr. Ritz
claimed. Opne square meter of heat exchange surface in
their present metal recuperators welghs l4 kg. From the
curves efficiency vs. exchange area per kw and top
temperature one much approach one square meter per kw to
got satisfactory performance.

These ourves showed very strikingly how both the
recuperator efficlency and the overall efficiency go up
steeply with rise in tgp temperature. They operate at a
top temperature of 600°C, using an 18-8 steel containing
tantalum and columbrium, They have not had alloys
capable of operating at 800 C.

Escher Wyss, Z@rich

This plant was visited on August 25 in company with
Prof, Stoughton, Talked with Director Guyer and Dr. C.
Keller, head of the experimental work. Dr. Keller knows
Prof. Schmidt at Braunschwelg personally but had only a
vague knowledge of his work on ceramic turbine blades,

Both he and Guyer knew of the work at MAN, but without
detail. Neither felt that ceramic blades offer much

promise due to the sensitivity to heat shock and to the
supposition that if the temperatures are boosted very

much there will be many new problems to solve connected with
the construction of more heat resistant housings, heat
exchangers, etec., They were frank to say that ultimately top
temperatures may be boasted a good deal, but for the preseant
they have chosen to use medium temperatures and gain satis-
factory efficiencies by improvement in blade design, use of
a closed system under pressure, and improvement in heat
exchange efficlencles.

Due to the great importance of blade efficiencies, Dr,
Keller thinks that it may be difficult to produce satis-
factory ceramic blades. They are not so easily shaped to
an exact pattern as metal,
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