PROPOSED TALX FOR HIGH-TEMPERATURE MATERIALS RESTARCH
SECTION DEMONSTRATION AT MANUFPACTURERS'
CONFERZNCE

by G.M. Avlt

Jet propulsion for aircraft was delayed many years because thers wers i
no suitable high-temperature materials to withstand the temperature exiremes
encotntarod. The development of the "super alloys" made the jet-propulsion
engim possible, but new and improved materials are still vired to improve
the performance of existing po-erphnta by pemitting_operatim at higher
temperatures. For example, as explained elsewhers today, the turbojet
realizes higher thrust and the turbopropsllsr gains in efficiency and power
output as operating temperatures are increased, BSven if thess better
materials are not employed to enable the powerplant to operate at higher
temperatures, these materials will increase service life and reliability
in any case. At the present time the alloys in the jei~proculsion engine
can be used at approximately 1500° Fahrenheit, and with further ressarch
in this fielgd, the operating range of these materials can proobably be ex-
tended a few hundred degrees. lMany of these alloys were developed by industry
under the sponSorship of the HACA Subcommittee on Heat-Fesisting laterials.

Many of the materials now in use were dewveloped during the war by
cookbook methods and a pert of the ressarch on materials of the Committee
is drected towards an understanding of how these materials work so that
improvements based on fundamental factors affecting the operation of the
materials can be made. Most of the super alloys use large juantities of
scarce materials such as cobalt and columbium. In the case of a future
ex\:ergency, sufficient Juantities of these less a»undant materials will pose
a serious problem of supplys Consequently, part of the work of the NACA
is directed toward reducing the use of these scarcer materials.
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O : One method 5y which the resistance to temperature exirsmes can be

¥ jncreassd is by the use of materials that can be cooled. An example of this ..

is shown in the nex: demcnstration. Here we have a material made by powder

metallurgy methods of a copper-tin-bronze. This material was fabricated to

’ have 30 psrcent porosity. 4is you c;.n gee the oxy-acztylene flame has heated
2 the block to a ma heat. We now Zirsct an air stream intc a header or hole
3/8 of an inch in diameter that has been drilled into the block. The
’ porosity ir the block will disperse and conduct the air stream in such a
- manner as to give effactive cooling of the entire block. Ceramic and
ceramal materials can ce readily _fabricat.ed with almost any desired degree
of porosity. A major problem in the use of porous materials is that of
"0 obtaining high porosity while retaining high-tsamperature th’ngﬂ;. This
* problen is also under investigation.
As designers of jet engines want temperatures considerably beyond melt~ -
{y ing points of super alloys it is natural to tum to those materials having
the very highest melting points. These materials ar: s=eh highemelting-pornt

: metals such a2s tungsten and molybdenum and the oxides, nitrides, carbides, ! 4

-4 and borides of metals, This latter group ars called ceranics.

o
He

The teampsrature scale alonz the top of this panel has on it som= of the
materials with which we are working. These materials ars located at their
Lr ; respective nlthg points. The melting points of materials must bo considered
| 'wthmwmtuuotopmﬂmm&ymmmg
o of the maximm tempsratures to which the mate : '

stress coditions mﬁﬂuﬁ cdmhﬁduﬂnu&u
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appra:l.ntderhOO° F. These ceramic materials being cmsidered run from

Ty

this point upward to tantalum carbide at 7000° F.

In order to illustrate graphigally some factors that enter into the
performance of materials, I havf here a simulated whecl segment on which
are mounted three turbine blades. The first one is fabricated fram a typical
high-temperature alloy, the second ‘one is a pure ?eramic material, and the
third one is a -eta.l-bmded ceramic material which we have termed a "ceramal."
The best combinatiomns of pure ceramic materials for high-temperature use in
turbines have been developed by the Kational Bureau <f Standards under
contract to the NACA. We now pass the wheel segaent through the oxy-acetylene
torches which are set to operate at approximately 2700° F. Ais you can see,
the high-temperature alloy blade has been melted while the ceramic and ceramal
blades are undamaged. The ceramal blade, however, ;Josses'ses g.*e_atf:r mechanical
shock, particularly at elevated tenperatur?s - because of its metal content.
Ceramals may be considered to be suitable for many hich-temperature V
applications, provided that the ceramic and metal constituents may be
bonded successfully. Extensive investigations are under way here to determine
the basic factors affecting the bondinz and sometimes the wetting of the
ceramic and the metal., Tools such as elsctron-diffraction instruments are
employed to determine the nature of the layers existing on the surface of the
particles of material that make up the ceramal. Photomicrograplis are obtained
at optical magnifications up to 1500 diameters to study the particles and
the mamner in which they bond. Ceramals are relatively new materials, but
already they have shown excellemt strength charact/zris_tics at elevated tem-

peratures and we shall continue to investigate them as rapidly as possible.
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' Some ceramics and ceramals which have desirable high-temperature

properties cannot be used bscause they have poor resistance to oxidatian. .

In order to overcome this disadvantage we are coating these materials with
nrot,ective.ceraxic coatings developed with the financlal assistance and under

the sponsorship of the NACA by the Kational Bureau of Standards. An example

of the protection thus affordad is shomn in the next demonsiration. Here we
have two bars of the sane ceramic material,one of which has been ziven a
protecti¥e ceramic coatinz. On the application of the oxy-acetylene oxidizing
i’la;-xe w2 notice that the bar that has not been protected oxidizes. This
results in the matsrials growing, becoming porous, and losing iis strength,
The other bar, as you will see later, has r=tained i°s shape and has suffered
no apparsnt loss in strength.

Another inhersnt advantege in ceramic and ceramal materials is their
low specific grévities. laterials for high~temperature applications hawve
specific graviti=s ranging from 7 to 8. Ceramics, on the other hand, have
specific gravities ranging from 2 to 5 and ceramals are intsrmediate with
specific gravities that range from h to 7. Thisresulis in two very
desirabls effects. First, ths use of ceramics or ceramals would resduce
the over-all weight of the aircraft propulsion system. Secondly, for
applications where the steess is determined by centrifugal force, for
example, turbine blades, the stress will be lower for the lizhter -aberiai.s.
It is thus not nec;ssar:w for the material to 5e z2ble to withstand as hizh
stresses, The na'oeriél can stand up oecause its strength-weizht ratio is
high.
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— rials, firing, and [inish grinding, This method most mearly duplicates metal

L4

The =arly attempts to use ceramics were retarded by the poor thermal
shock properties of these :mteria}s. Although, zs yet we cannot ejual the
thermal shock pmperti;s of metals, vast improvemenis can and have been made
in the thermal shock proparties of ceramics. For exarpls, the well-knomn
phase inversions of zi;c:;niu:n oxide may be suppressed by proper additions of
other materials giving *'_.:p-r'ova,d thersal shock propsrtiss. To demonstrate,
in this fumace we have éeramic disks at 1300° F. o air susnchinz we notice
that the disk does not crack or shatter, illustrating that good thermal
shock properties can be achieved in ceramic materials. BEach material,
howevar, poses its omm 1‘19:’:al.shock resistance and it is the a2spect that we
are invastigating hesre.

. . . - o
A

The fabrication of ceramic shapes has been difficult; however, we

o2lisve that this problem is largely one of becoming familiar with the new
technigues reguired to handle a new material. There are on display a

variety of intricately shaped engine parts which have been fabricated from
ceramic materials. Theses parts are not necessarily developed to the point

where they will withstand prolonga2d engine operation, but they do indicate

the feasibility of fabricating parts from ceramics and ceramals.” In general

Q
)
-

azic materials arc faoricated by three methods. One consists of casting
a slurry of the eeraxic, firing, a.n” finish zrind nz. The guasi-blades
shown here are sxamples of parts made in this mannsr. The sscond method
consists of 'z'j_n'iin:? the part from bafs or rods. The ceramal supercharger
“ladss shown here were made by this method. The third method of fabricating

ceraalcs consists of machining the part from green or pertially fired mate—

working and conseguently, facilities for production are readily available. ’
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STRESS AND VIBRATION EXSIBIT FOR FIRST ANNUAL INSPECTION
October 8, 9, and 10, 1947

by S.S. Manson

INTRODUCT ICN

o In an aircraft engine minimum weight must be combined with absolute in-
m against structural failure. - An important phase of the research at
the NACA is, therefore, the determination of the criteria for structural
failure and a search for the methods to' increase the life of an engine while
at the same time reducing its weight and increasing its efficiency and power
output. This phase of the research is known as Stress and Vibration. I
shall limit my remarks t.o those aspects of the research relating to turbine

disks and turbine and compressor blades.

TURBINE DISKS
In turbine disks we are concerned with two major stress problems. The
O first of these is rim cracking, which isvcommon in disks in which the blades
are welded to the iieel. It has been found that in such disks cracks occur
at the bases between the blades after periods of operation much ahort.ez: than
would ordinarily be considered the reasonable life of the wheel. Analytical
research has linked these cracks with high themél stresses due to hot
t;perltion, piast:lc flow that results from the high thermal stresses, and a
stress concentration inherent at the bzse of the blades. Here is the ap-
njoxhnte length of the cracks present between many of the blades of the disk
when the disk 1;5 removed from service. It was considered that this. was a
dl(:gm length. The analytical research indicated that it would be possible
to propagate the cracks by the aprlication of successive heating and cooling
() cycles, and here are some of the propagated cracks obtained by such cycles.

-~ One of the potential solutions indicated by the analysis is the removal of
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' the stress concentration by drilling small holes at the bases of the blades.
Here are some of the holes that were drilled prior to the application of the
heating cycles, and it will be seen that very few cracks propagated beyond
the holes., The merit of this type of solution has yet to be further tested
and we are building large spin pits where disks such as these will be able
to be tested under conditions of full speed and temperature gradient. 'l'hese
pits will also be used to test the merit of a number of other indicated

7

solutions.

The second problem associated with disks is that of disk bursting.
Disk bursting has occurred in practice but one of the major reasons for
studying it is the desire to reduce the weight of the wheel, a step that
may increase the number of this type of failure. The results of a preliminary
‘investigation of disk bursting are shown on this panel. Here we were studying
the effect of ductility or the amount of stretch that the material is capable
of withstanding without rupture. Here is a disk with a very high ductility.
Characteristic of its fracture are the low number of failed pieces and the
fact that the plane of fracture is inc]_i.neci at an angle of hSo to the thick-
ness of the disk. As we decrease the ductility, the number of fractured
. pieces increases and the plane of fracture is perpendicular to the 't.hickness
of the disk. The probiel requirés considerable additional- investigation,
and the pits that will be used for the rim cracking investigations will also
be used for testing lapge disks such as shown on the other panel in disk

bursting investigations.

STROBOSCOFIC VIERATION

I should like to leave now the subject of turbine disks and go on to

7%
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compressor and turbine blades. In this case we are concerned with blade
vibration. Vibration is a movement back and forth of the blade which re-
sults, in some cases, in critical stress and fracture of the blade. It is
a treacherous type of stress condition, first because at any one time the
stress may not be great emough to cause fracture but over a perio-d, of time
the accumulated damage may cause fracture without warning. It is also
treacherous because so little is known about the causes for blade vibration.
It may be present in some engines but not in others, and in any one engine
it may be present under some conditions but not under others. It has taken
a good deal of research to gain even an elementary understanding of blade
vibration.

Let me demonstrate a blade in a condition of vibration. - Here is a
blade which has vibrational characteristics quite similar to those of tur-
bine and compressor blades except that it is constructed to a much larger
scale than ordinary blades. Conmnected to the end of the blade is an
electronic exciter by which we can vary the excitation impulses until the
natural frequency of the blado':ls reached. The blade will then go into a
condition of vih:ation. The vibration is too rapid to view with the naked
eye and we therefore use st.roboséopic light to study it. This light flickers
on and off at .lp;roxi-tely the same frequency as the blade vibration and
therefore makes the blade appear to be standing still or to vibrate slowly,
while in rulity'it is vibrating véy rapidly.

COIORED SAND PATTERNS
" The vibration Yyou have seen is a very simple type of vibration., At any
point along the length of the blade the entire section is merely moving up

and down. There are other much more complicated types of vibration, and one

16
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of the first problems in the science is to categorize these vibrations. This
is done by the use of what we call sand patterns. I shall grinkle sand over
'the entire blade and then vary the excitation frequency on the blade until

it begins to vibrate in one of its more complex modes. The sand particles
bounce around and naturally tend to pile up at the locations of minimum viura-
tion. Here is one pattern. As I now increase the excitation frequency unt.il
I reach another vibrationzl frequency of the blade, the sand bounces around

in another pattern, and again in another pattern. In this way we can classify
the vibrational characteristics of any blade according to the frequency of

vibration and the stress condition in the blade at any one freguency.

HIGH TEMPERATURE STRAIN GAGE

The next problem is to learn which types of vibration actually do exist
in an engine. For this purpose we make use of wire strain gages. The strain
gage consists merely of a strand of resistance wire which is cemented onto
the blade. As this blade vibrates it changes minutely the electrical re-
sistance of the wire. By measuring the change in electrical resistance, the
amount and type of vibration can be determined. We had had a great deal of
experience with ﬂ.re-resistan{c strain gages as applied to recipmcat:ing
engines. When we started to study turbines we learned that the strain gages
that had formerly been used were suitable for the temperatures of L00°-500° P
previcusly encountered but were certainly not suitable for the temperatures
in the range of 1500°-180C° ¥ which were now of interest. After considersble
research we learned, m'ever, that by using the suitable materials and, most
important, by using proper electronic circuits it was possible to find strain
gages capsble of withstanding 1500°-180¢° F. I should like to demonstrate

to you the operation of such a strain gage. Here we have a strain gage mounted
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at the base on a typical turbine blade. Surrounding the blade is an in-

~ duction heating coil. This coil provides a rapidly fluctuating magnetic

field around the gage and in so doing induces eddy currents in the blade
which heat up to a very high value. At the present time the blade in the
vieinity of the gage is fairly close to 1500° F. Attached to the block
in which the gage is melted is a small air turbine. If I increase the air
pressure the speed of the turbine in';:reases and provides a mechanical
excitation which, when it reaches the natural frequency of the blade,
causes it to vitrate. The vibration of the blade is indicated by the ap-

pearance of a wave on the oscillograph screen above the blade.

" STREAMING DOUBIE REFRACTION

Even when we know about the presence of vibration, the frequency of the
vibration, and the characteristics of the vibration at the particular fre-
quency, very often we do not know the source of the excitation and therefore
it is impossible to find a remedy. In some cases.the excitation may be
mechanical, as i% was in this demonstration. In some cases, however, the
excitation is aerodynamic, that is, it is due to flnctuation of air forces
on the blade. .Ie have recently introduced the streaming double refraction
method of fluid flow into our research in order to gain a better under-
standing 'of tbe ﬂpv phenomena that may cause vibration. The equipment for
this type of research consists of a source of polarized light and a channel
in which a blade ccntour is suspended in a fluid consisting of bentonite clay
in water, This fluid has the peculiar property of double refraction in that
a beam of light passing through it may have one or more of its color com-
porents retarded so that the porticn of the light that leaves the channel has

only that color component of the entering #hite light which is not retarded.
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The result is a color pattern whieh repronguie the ctntition of Linie ﬂo'gcaﬁ,f??
in a very colorful and graphical mamer. If we turn on the equipment, at

first slowly so that the flow around the blade contour is streamlined, we

see the close adherence of the fluid to the blade comtour. Even at this

slow speed theré is present a small amount of wiggling in the wake of the ..
blade, and this fluctuation of fluid flow may produce excitation forces

both on this blade and on ;my blade that succeeds this blade. If we now

increase the rate of flow, the fluid breaks away from the model and the

flow becomes turbulent. The excitation forces under tl'ais condition are

more Violent. The color pattern becomes somewhat more diffuse because the

flow is so rapid that the various colors are interacting with one another,

producing what appears to the eye to be white light. If we had been able

to use stroboscopic light as we did in the case of the vibrating blade,

we would be able to see the r.recis.e fluctuation of the fluid flow. Un-

fortunately, stroboscopic light does not procject very well but we have, by

direct observation, studied the pattern of flow. . If we now further increase

the rate of flow, the flow pattern disappears almost entirely as far as the

naked eye is concerned, but the excitation forces are so violent as to make

the blade flutter vehemently.

CONCLUSION

Gentlemen, I have demonstrated several of the techniques that we use in

'the basic research of stress and vibration. In the last analysis, however,

it is necessary actually to get into the turbine or compressor in order to
study the existing phenomena. Here we have a compressor that was instrumented
with strain gages and ran under full operating conditions. We have learned

from this compressor the effectsof such phenomena as surging and the presence
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of high mum'; ratio. Here is a turbine which was instrumented with high~-
temperature strain gages and operated under hot gas conditions. We have
learned from it the effects on the vibration of such factors as the number
of combustion chambers. Many of the results of these tests have already
been published in NACA reports. Other results are in the process of pub-
lication. Much research remains to be done. It is hoped that this research
will provide the necessary data to make possible the realization of the

more efficient and powerful engines of the future.
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