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RESEARCH MEMORANDUM

PRELTMINARY INVESTIGATTION OF THE HEAT-SHOCK RESISTANT PROPERTIES
OF MOLYBDENUM DISTLICIDE BLADES UNDER CENTRIFUGATL. LOAD

By Roger A. Long and John C. Freche

SUMMARY

Two molybdenum disilicide turbine blades febricated by hot-pressing
techniques were used in an Investigation to determine their heat-shock
resistant properties under centrifugel loads imposed by turbine rotation.

Rotating hest-shock tests were conducted under hlade centrifugal
stresses of 927, 2080, 3710, and 5350 pounds per square inch. At these
stress levels, hot-pressed molybdenum disilicide bplades withstood heat-
shock cycles in which the gas temperature was varied in specific time
intervals from 500° to 1200° to 500° F and from 500° to 1800° to 500° F.
The maximum rate of gas-temperature increase or decrease encountered in
& scheduled heat-shock cycle was 32.5° F per second. The minimm rate
of gas-temperature increase or decrease in a scheduled cycle was 7° F
per second. The first blade falled durlng an involuntery decreasing-
temperature heat shock in which the inlet-gas temperature was decreased
Prom 1400° to 300° F in 3 seconds while the blade was subJjected to a
centrifugel stress of 3710 pounds per square inch. The second molyb-
denum disiliclde blade failed between successive heat-shock cycles
while under a centrifugal stress of 5350 pounds per sqguare inch. A
Patigue faillure occurred which resulted from a smsll crack initiated
either by heet shock during a previous hesgt-shock cycle, by Impact with
a foreign substance, or by vibration.

The limited deta of this iInvestigation indicated that additional
development 1s necessary before the heat-shock resistant propertles
of molybdenum disilicide are satisfactory for turbline-blade gpplication.

INTRODUCTION

High inlet-gas temperatures result in substentisl increases 1in
the power output of both turbojet and turbine-propeller power plantss
however, turbine-inlet-gas temperastures are limited because of stress
limitations in current high-tempersture materials. Also, the large
critical material content in current high-tempersasture turbine alloys
mekes the development of high-temperature materials of reduced
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critical material content sultable for turbine spplication desirable.

A comprehensive program has been initiated by the NACA Iewis lsboratory
to develop high-temperature turbine materisls with reduced critical
meterial content.. . ) el

Previous investigations were conducted to determine the feasibility
of applying ceramic materials with promising high-temperature tensile
strength properties, such as sillimanite and National Bureau of
Standsrds Body 4811C, to rotating turbine blades (references 1 and 2).
These investigatlions indicated the existence of a heat-shock problem and
a blade-mounting problem due to the brittle nature of these materials.

More recent investigations (references 3 and 4) indicated that
certalin intermetallic compounds and ceramels afford much higher teunsile
strengths then current turbine alloys at temperstures gbove 2000° F.

One of the most promising of these, hot-pressed molybdenum disilicide,
possesses a tensile strength of approximately 42,000 pounds per sguare
inch between 20000 and 2400° F (reference 5). The material appeared
promising on the basis of availability as well. No data were available,
however, as to the heat-shock resistant properties of an aerodynamic
blade sectlon fabricated from this material when subjected to centrifugal
stress conditions. Such data are necessary to evaluate a material for
high-temperature gas-turbine applications. Molybdenum disilicide 1s a
brittle material and consequently presented a blade-mounting problem.
This problem has been investigeted (reference 6) and several methods of
supporting bledes fabricated from similerly brittle materisls have been
evolved. The blade-disk sttachment method previously esteblished
(reference 1) and shown to be adequate for brittle ceramic materisls
was employed in this investigation.

Rotatling heat-shock tests were made in & small-scale turbine rig
by verying the Inlet-gas temperature over definite ranges in varying
time increments while the turbline rotor was motored at each of seversl
tip speeds up to 632 feet per second (12,000 rpm). The maximum cen-
trifugal stress imposed upon the molybdenum disilicide blades was
5350 pounds per square inch. This stress was calculated for the root
of the serodynamic section of the blade. The inlet-gas temperature was
varied from 5000 to 1200° to 500° F and from 500° to 1800° to 500° F.
BEach of these tempersture ranges was covered in time increments of 5,
4, 3, and 2 minutes. .The increments were chosen to impose varying
thermal stresses upon the blades and to permit direct comparison with
similar tests conducted with ceramic blades (reference 2).

APPARATUS

A description of the blade material, the turbine disks, the method
of blade assembly, and the turbine installation is presented in the
following persgraphs.
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Blade materisl. - The blade materisl used in this investigation was
molybdenum disilicide, hot pressed from finely divided powder to a solid
body and ground to the finished blade shape. Molybdenum disilicide is
an intermetellic compound consisting of molybdemm and silicon in the
stoichiometric proportions of one part molybdenum to two parts silicon
and having the chemicel formula MoSis. A more complete chemical ansl-
ysis of this material than is given in reference 5 is presented in the
following table:

Materisal Percent by
welght
Molybdenum 63.44 10.30
Silicon 36.45 $0.30
Carbon . 0.20 to 0.386
Iron 0.50 to 1.00

Reference 5 describes the processing of this material and 1ts proper-
ties. Similar processing procedures were employed in hot pressing the
bodies from which the blades were . ground. It can therefore be presumed
that the propertles of the blade material used in this investigation
are equivalent to those reported in reference 5 for a body also made
from fine nommiform powder. Typical metallogrsphic structure of the
blades is shown In figure 1. No difficulty was experienced in grinding
the blade contours except an occcasional Fflaking at an edge where Ltwo
gurfaces Joined. Surface grinding of this materisl was accomplished
with soft bonded wheels and suitably bonded dismond wheels. Contour
grinding on this materisl was accomplished with a diemond wheel which
requires g minimm of dressing to retain its shepe. »

Turbine disks. - The major principles of the disk design as
described in reference 1 have been utilized, these being the method of
supporting the blades by clamping between suitebly contoured surfaces,
and providing an overhanging mass of metal at the rim of each disk to
resist spreading of the disks. The turbine rotor (fig. 2) consisted of
two 9.82-inch-diameter disks, each machined integrally with a parilion
of the turbine shaft. The two rotor halves were held together by elght
through bolts installed at a radlus slightly less than the inner radius
of the blade-ring assembly. Proper radlal slinement between the two
disks was obtained by piloting one disk upon & shoulder provided on the
other disk.

In assembling the disks and the blades, the through bolis were
tightened by epplyling a predetermined torque with a calibrated torgue
wrench, This procedure served to clamp the blade bebtween the disks
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by compressing the asbestos-cloth cushion (fig. 2) around the blade and
caused metal-to-metal contact between the matching disk surfaces. The
bolts were then locked to the dlsks.

Blade assembly. - Each blade assembly consisted of one blade, one
Inconel blade stub, and two aluminum spacers as shown in figure 3. Such
an assembly was employed to conserve blades and to lessen the possibility
of blade damage by flying chips from an adjacent blade breakage. The
aerodynemic sectlon of the blade had a l%-
chord. A strip of asbestos cloth was fastened with a qulck-drying
cement around the 'base of the blade to reduce the possibilility of damage
from motion of the blade relative to the metal spacers. A 0.032-inch
asbestos~-cloth cushion was fastened around the sides and shoulders of
the blade base in contact with the disk-clamping surfaces. A Dblade
stub mechined from Inconel to the same dimensions as the molybdenum
disgilicide blade base was employed in each assembly. The Inconel blade
stub was clamped between the two disks directly opposite the molybdenum
disilicide blade. Metal was removed from the Inconel stub when the
rotor was balanced in order to simplify the rotor-balancing procedure.
Two aluminum specers contoured to match the rotorfclamping surfaces
separated the molybdenum disilicide blade and the Inconel blade stub.

inch span and a 0.840-inch

Turbine installation. - The turbine rig, the combustion-gas system,
and the instrumentation were the same as those described in reference 1.
The turbine rotor was motored by en electric dynamometer. An addi-
tional measurement of the inlet-gas temperature was obtained from a
shielded thermocouple inserted into the gas stream spproximately 8 inches
upstream of the turbine. The indicated inlet-gass temperature measured
at this location was recorded during the heat-shock cycles by means of
e high-speed recording potentiometer.

PROCEDURE

A series of runs was made to determine the .effect of superimposing
thermal stresses on the centrifugal stresses lnduced in molybdenum
disllicide blades during slmuleted turbine operating conditions. X-ray
and dye-penetrant inspections were made of each blade prior to instal-
lation in the turbine to detect any existing cracks or porosity. The
turbine was operated at constant speed to provide constant centrifugal
blade loading during any partlcular heat-shock cycle. The inlet-gas
temperature was increased from a minimum to a maximm value and then
decreased to the original temperature during a specified period of time.
Each period of time or cycle was divided as nearly as possible into
equal Increments. . For example, in & 3-minute cycle, 1 minute was
utlilized to increase the gas temperature from the minimum to the meximum
velue. The temperature was held at this maximum value for 1 minute and
1 minute was utilized to decrease the temperature to the minimum value.
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Typical gas-temperature variations with time are shown in figure 4.
These cyclic temperature variations were arbitrarily chosen in refer-
ence 2. Similar cycles were run in this Investigation to permit direct
comparison with the heat-shock tests conducted with ceramic blades in
reference 2. The gas temperature was varied by manual adjustments of
the velve controlling the fuel supply to the burner. A constant rate
of temperature increase or decrease was not always maintained, which
explains the absence of parsllelism in some of the curves.

Heat-shock cycles of 5, 4, 3, and 2 minutes during which the inlet-
gas temperature varied from 500° to 1200° to 500° F for several tip
speeds from 263 to 842 feet per second (5000 to 16,000 rpm, respectively)
were scheduled, Heat-shock eycles of 5, 4, 3, and 2 minutes during
which the inlet-gaes temperature varied from 500° to 1800° to 500° F for
several tip speeds from 263 to 842 feet per second were also scheduled.

Blade 1 was operated through single cycles of 5, 4, 3, and 2 minutes
during which the inlet-gas temperature was varied from 5S00° to 1200° to
500° F at each of three tip speeds, 263, 394, and 526 feet per second
(5000, 7500, and 10,000 rpm, respectively). The centrifugal blade
stresses at the root of the aerodynamic section of the blade at these
speeds are 927, 2080, and 3710 pounds per square Inch, respectlvely.
Similar single cycles were run during which the inlet-gas temperature
was varied from 500° to 1800° to 500° F under imposed centrifugsl blsde
stresses of 927 and 2080 pounds per square inch.

Blade 2z was operated through single cyecles of 5, 4, 3, and 2 minutes
at a tip speed of 632 feet per second (equivalent to 12,000 rpm or &
centrifugal blade stress of 5350 lb/sq in.), during which the inlet-gas
temperature was varied from 500° to 1200° to 500° F. Single time cycles
of 5, 4, and 3 minutes were run during which the inlet-gas temperature
was varied from 500° to 1800° to 500° F under an imposed blade stress
of 3710 pounds per sguare inch. A S-minute time cycle was also run over
the same temperature range under an imposed blade stress of 5350 pounds
per squaere inch. .

In starting, a low pressure drop (1.5 in. Hg) was set across the tur-
bine nozzle and the burner was ignited using a fuel flow that gave an -
inlet-gas temperature of approximately 300° F. The turbine rotor was
then motored to a tip speed corresponding to that at which a particular
series of cycles was to be run. Next, the geas temperature was increased
to 500° F, the base inlet-gae temperature from which all cycles were
run. Necessary changes in the burner configuration since the investi-
gation of reference 2 limited the base cycle tempersture to 500° F in
order to insure continuous combustion. The pressure drop across the
turbine nozzle was then set according to values of inlet and outlet
pressure computed to meintaln zero angle of attack for an assumed con-
stant value (90 percent) of nozzle efficiency for the comblnation of
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speed and maximum cycle temperature to be run. Fuel flow was adjusted
to vary the inlet-gag temperatures over & definite range in equal incre-
mente in each of several time cyecles.

RESULTS AND DISCUSSION'

A summary of operating conditilons and results is given in table I.
Blades 1 and 2 were each consldered part of one over-all evaluvatlon;
consequently, conditions of operation were not duplicated in either
assembly.

Blade 1 was subJected to heat-shock cycles at three dlfferent cen-
trifugel stress levels, 927, 2080, end 3710 pounds per square inch. The
minimum change in inlet-gas temperature per unit time for a 500° to
1200° to 500° F cycle, which was imposed at all three stress levels, was
a rate of inlet-gas tempersture increase or decrease of approximately
7° F per second; the maximum change for this temperature cycle was
17.5° F per second. The minimm change in inlet-gas temperature per
unlt time for a scheduled 500° to 1800° to 500° F cycle was a rate of
inlet-gas temperature increase or decresse of approximately 13° F per
second; the maximum change for this temperature cycle was 32. 5° F per
second. The blade successfully withstood all the heat-shock cycles
imposed prior to an unscheduled decreasing-temperature heat shock which
occurred during the S-minute cycle at a centrifugal blade stress of
3710 pounds per square inch. This failure resulted when loss of the
fuel supply to the burner created a more drastic heat shock than
intended st that time. The inlet-ges temperature decreased from 1400°
to 300° F in approximastely 3 seconds, a shock similer to but less
severe than the decreasing-temperature heat-shock or blow-ocut cycle
deliberately imposed upon the Body 4811C blades investigated in refer-
ence 2. It was intended that such a blow-out cycle should be imposed
upon the molybdenum disilicide blades after the scheduled cycles had
been completed. Examination of the blade fracture surface (fig. 5)
indicates that no fatigue fallure occurred. Apparently the blade failed
either in tension or by heat shock. Since the tensile loadings imposed
were well within the allowable tensile strength of the material, it is
very likely that failure occurred because of heat shock. )

Blade 2 successfully completed all the 500° to 1200° to 500° F
cycles under an imposed centrifugal stress of 5350 pounds per square
inch, Blade 2 also completed successfully ell the 500° to 1800° to
500° F cycles in which the maximum and minimum rates of gas temperature
increase or decrease were 21.7° and 13° F per second under an imposed
centrifugal stress of 3710 pounds per square inch. Feilure occurred
between the 5- and 4-minute, 500° to 1800° to 500° F cycles while the
blade was centrifugally stressed to 5350 pounds per square inch. The
blade after failure is shown in figure 6. Fracture sppears to have
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originated on the convex surface of the blade (fig. 6(a)). Exsmination
of the origin of fracture indicates a fatigue-type fallure (fig. 6(b)).

Bladé failure can be attributed 1n this case to one of three possibili-

tiles: (1) heat shock initisted a small crack which developed because

of fatigue under continued turbine operation, finslly resulting in blade
failure; (2) impact by a forelgn substance initiated a stress concen-

tration and a fatigue failure resulted; or (3) failure resulted from

fatligue caused by blade vibration and posslibly originated from micro-
defects in the blade. The first of these posslibillties is considered
the most llkely one. Blade failure due to impact by forelgn materials
1s considered remote because fine mesh screens were employed in the air
duct upstream of the turbine to filter out such substances. The blade
design with its short length and thick secflion probably minimized blade
vibrational tendencies.

Because of the small number of blades available, the investigation
was limited and heat-shock resistant properties of molybdenum disili-
cide blades under turbine rotationsl loseds were not determined con-
clusively. However, comparison can be made with results from a similar
investigation (reference 2) made with beryllium oxide ceramic,

Body 4811C. Assuming the second molybdenum disilicide blade also falled
because of heat shock, nelther blade was sble to wlthstand heat-shock
cycles as severe as those imposed upon Body 4811C blades, elther from
the standpoint of eentrifugal load or rate of temperature change imposed.

The combined thermal and centrifugsl stresses under which the hot-
pressed molybdenum disilicide blades failed are considersebly less than
those encountered in normsl turbine operation. The limited data
obtained from this investigation indicate hot-pressed molybdenum disili-
clde, processed as described in reference 5, lacks satisfactory hest-
shock resistant properties under centrifugal load and requires further
development before satisfactory epplication to turbine blades is
possible.

RESULTS AND CONCLUSIONS

The following results and concliusions were cbtained from an inves-
tigation of the heat-shock resistant properties of molybdenum disili-
cide turbine blades under centrifugal loads:

1. One blade withstood heat-shock cycles in which the inlet-gas
temperature was varied from 500° to 1200° to 500° F in various time
inecrements while subJected to centrifugsl stresses of 927, 2080, and
3710 pounds per square inch. The maximm end minimum rates of temper-
ature increase or decrease were 17.5° and 7° F per second, respectively.
This blade also withstood heat-shock cycles in which the inlet-gas tem-
perature was varied from 500° to 1800° to 500° F in various time incre-
ments while subjected to centrifugel stresses of 927 and 2080 pounds
per squere inch. The meximm and minimum rates of temperature increase
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or decrease were 32.5° and 13° F per second, respectively. The blade
failed during an involuntary decreasing-temperature heat shock in which
the inlet-gas temperature was decreased from 1400° to 300° F in 3 seconds
under & centrifugal blade stress of 3710 pounds per square inch.

2. Another blade withstood slmilar S00° to 1200° to 500° F heat-
shock cycles under a centrifugal blade stress of 5350 pounds per square
inch. This blade also withstood 500° to 1800° to 500° F heat-shock
cycles in which the maximum and ninimum rates of gas-temperature increase
or decrease were 21.7° and 13° F per second vwhile subJjected to a cen-
trifugal stress of 3710 pounds per square inch. Blade failure occurred
at & stress level of 5350 pounds per square inch between successive
5000 to 1800° to 500° F heat-shock cycles as a result of fatigue
initiated either by heat shock, impsct, or vibration.

3. It 1s concluded that the limited data of thils investigation
indicate that additional development is necessary before the heat-shock
reslistant properties of molybdenum disilicide are satisfactory for
turbine-blade application.

Lewls Plight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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TABIE I - SUMMARY OF OPERATING CORDITTONS AND RESULTS OF MOLYBDENUM DISILICIDE

BLADE IRVESTIGATTON ~TEE
Blede Inlet-gas Cycle|Approximate) Turbine Turbine speed |Centrifugal Operating
temperature |time |rate of gas| tip speed (rpm) blade strees results
range (min)|temperature| (ft/sec) (pedi)
°F) increase or
decresge
(°F/sec)

1 |500-1200-500{ 5 7 2633943 526| 5000;7500310,000| 927; 208033710 | Campleted

4 8.75 26333943526 5000375003510 ,000{927 ;208053710 | Completed

3 11.86 2633394 ;526| 500057500310,000| 9273208033710 | Completed

2 17.5 26333943 526| 50003 7500310,000| 9273208033710 | Completed

500-1800-500| 5 13 2633394 50003 75600 927; 2080 Completed
- 4 16.25 |265;394 | 500037500 92732080 Completed

3 21.7 2635394 500037500 927, 2080 Completed

2 32.5  |263;394 | 500037500 927 ; 2080 Completed -

5 13 526 1C,000 3110 Blede faile
before cycle
wae completed
vhen fuel supply
was shut off

2 |500-1200-500| 5 7 632 12,000 5350 Completed

4 8.75 |632 12,000 5350 Completed

3 11.66 632 12,000 5350 Completed

2 17.5  |832 12,000 5350 Completed

B00-1800-800| & 13 526 10,000 3710 Completed

2 16.25  |526 10,000 3710 Completed

3 21.7 H26 10,000 3710 Completed

5 13 632 12,000 5350 Completed

4 16,25 632 12,000 5350 Blade falled
lmmediately

prior to begin-

ing thls cyele
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LTVZSH WY VOVH




10 . NACA RM ES2AL7

. . . _ .
R SRR IR g
I ST LN SOV L SR
S SR ‘.- et b e, e e ¥ . .

' . ‘..‘.' . "o . & .’. B | 7

S as,. '@, e A R ..
R b &> i . e wh &, >3
. ) . [ J ot . . ."' - s o
~ PN . : Lo o
\ It . " " M e I .f’r’.‘. -
[ 3 L SN e« . v . P
. ” L& .9 - AT TN AE'Y AR .
e I ee" « D& « FTa- ., 2 .
r -~ 4 * » e ". C. ‘\ L} . L ]
s & ® e AN °* ~ 0y " b
. .". ST .-.l."'\.- « ot
. N . .
. :‘ S A BT RO A e
. ,. ..".. ..V" “,‘.’0 «® 'Q...." LAY "..
o & s g O L T -
- PR TR SN - 77 e ¢
- » .- . - ..' . ” - . ® .’
.o L e e &. . g - 14
Ao >« e ., T vd :
k] . ’. * .. - O. i .. - .
-t . . -3 .
. & W et - .
N LI Y s, J .o’.f.. - "..
S s A, $-
e @ v 4 [ o
. AP ] PENPPA
M e " X
A

SHACA

c.29092

(b) Btched; X500.

Figure 1. - Typical metallographic structure of molybdenun disilicide blades.
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Figure 2, - Cross Bection of turbine rotor,
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Figure 3. - Rotor assembly with one molybdenum disilicide blade, an Inconel blade stub,
and two aluminum spacers.

89%2



2468

NACA RM ESz2A17

r [ T T T T

Cycles

(min)
500°-1200°-500° F

2

- —_ - - 3

_— 4

5
500°-1800°-5000 F

2000
_— 5
N
.l
1800 | — —1 ~ \
\
" \
1600 \\
\
v
1400 4 \\
-/ \
l v A
{ A
1A ——1L
] P4 1 i

Inlet-gas temperature, O
'...l
N
3

1000 I/"/ ’ \\_ N\ .\‘\ )
A NENERNE W
) \ LN N
. NN,
. \ h
ol | x ‘- \
X
4 0 1 2 3 4 | : !
Cycle, min
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RIV2.

C-27913

(a) Blade fracture surface, Blade in rotor. -

(b) Blade fracture surface. Blade removed from rotor,

Figure 5. - Molybdenum disiliclde blade 1 after fallure.
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(b) Frecture surface showing possible initial fracture area. Blade removed from rotor.

Figure 6. - Molybdenum disilicide blede 2 after fallure.
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