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NUTICE 

This report  was  prepared as an account of Govenunent-sponsored work. 
Neither the United States, nor the National Aeronautics and Space Admini- 
s t r a t ion  (NASA), nor any p r s m  acting on behalf of NASA: 

a )  Makes any warranty o r  representation, expressed m implied, 
with respect t o  the accuracy, completeness, o r  usefulness of 
t h e  information contained in t h i s  report ,  o r  that the use of 
any information, apparatus, method, o r  process disclosed i n  
t h i s  report  may not infringe privately-owned r igh ts ;  o r  

b )  Assumes any l iabil i t ies w i t h  respect t o  the  use of, or  f m  
damages resulting from the use of any information, apparatus, 
method, or  process disclosed i n  t h i s  report. 

As used above, "person act ing on behalf of NASA" includes any employee or  
c m t r a c t m  of NASA, or employee of such contractor,  to the extent that 
such employees or contractor of NASA or employee of such contractor pre- 
pares, disseminates, ur provides access to ,  any information pursuant t o  
h i s  employment of contract with NASA, o r  h i s  employment with such con- 
t rac tor .  

Requests f o r  copies of t h i s  report  should be referred to:  

National Aeronautics and Space Administration 
Off i ce  of Scient i f ic  and Technical Information 
Washington 25, D. C. 

A t  t en t  ion : AF SS-A 
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The work described herein is being performed by TR'd Inc. 
under the  sponsorship of the National Aeronautics and Space Administration 
under Contract NAS 3-6010. The purpose of t h i s  study is  ta obtain fatigue 
l i f e  da ta  on re f rac tory  metal alloys f o r  use i n  designing space power 
SgStgmS. 

The program i s  administered f o r  TRW Inc. by E. A. Steiger-wald, 
Program Manager. C. R. Honeycutt and J. C. Sawyer are the Principal. 
Inve s ti gator s . 
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I. ~N’lTKlrxJCTION 

The purpose of t h i s  inveetdgation i s  to  generate fatigue 
da ta  fo r  refractory al loys a t  elevated temperatures i n  ultra-high 
vacuum environments. 
fa t igue  l i f e  or creep is the l imit ing design parameter i n  turbine 
applications involving space electric-power systems 

The ultimate objective is  t o  determine whether 

During this repor t  period, the cathetometer for masuring 
specimen displacement was received and s t r a i n  measurements on vibrated 

( f .35  x 10- m )  smooth specimens of TZM s t ressed t o  25,600 p s i  (1.76 x 10%/mL; 
did not produce f a i l u r e s  e i the r  a t  ambient temperatures of 
7 2 9  (22OC) or lOo0”F (538’C) after approximately 2 x lo7 cycles.* 
The introduction of a notch having a theore t ica l  stress concentration 
factor  of 3, however, resu l ted  i n  extrelaely rapid f a i l u r e  of  TZM atar,  
ambient temperature of 18409 ( 1003°C) i n  tension-compression loading 
&ere the maximum s t r e s s  on the unn cross-sectional area w a s  

s ecimens w j a p  obtained. Tests condmted on l/h inch diameter Q n  

calculated as  16,800 ps i  (1.16 x 10 

II. VACUUM SYSTEM INSTALLBIZON 

The fourth and f inal  vacuum chamber has been received and 
in s t a l l ed  i n  the laboratory. 
s l i g h t  leak exists i n  one feed through; houever, the ropairs  can be 
performed without returning the uni t  t o  the vendor. 
oven has also been received and adapted f o r  use on the vacuum systems. 

Initial t e s t s  have indicated that a 

The bake-out 

111. DISPLACPiENT HEASURMENTS 

A formidable problem i n  determining t h e  elevated temperature 
fatigue p r o p e r a s  using ultrasonic methods is the measurement of the 
dynamic s t r e s r  applied t o  the specimen. Although a capacit ive pick- 
up is employed outside the furnace section to quant i ta t ive ly  nonitor 
def lect ion of the loading t r a i n  and coi i t rol  resonance, Lhe actual 
stress i n  the  specimen is  determined frem displacement measurements 
made on the gauge section w i t h  a cathetometer. This technique eliminates 
~ r r ~ r z  t ha t  z-27 he i?t..cd1>.c..nd by calculat ing s t r e s s  for a specimen 
located in the  hot  zone from measurements of displacement made by a 
pick-up loca ted  outside the  furnace. 

* Unless otherwise noted the temperatures reported represent  the ambient 
h k i i  pertlr;czt t o  t h e  temperatures a t  which the tests were conauciud. 

t e s t  r e su l t s  the increase i n  temperature produced i n  t h e  spec imn by thc 
introduction of the ultrasonic energy wi l l  also be presented. 
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The optical  cathetometer (see Figure 1) consis ts  of a lOOX 
filar eyepiece microscope mowapd on a s l i d e  micrometer having a 
t r ave l  of 3 inches (7.61 x 10- m).  
and a cathetometer supporting stand mounted on a portable cabinet. 
design of the microscope i s  such that the worMng dist'ance i s  14-1/2 inches 
(3 .68 x 
the vacuum chamber uhi le  still  maintaining a r e l a t i v e l y  high magnification. 

The components include an i l luminator 
T b  

which allows the specimen t o  be viewed from outside of 

The mthod, o f  converting specimen def lect ion to  s t r a i n  

deflection in the specimen gauge sect ion is  assumed t o  follow the  
relationship: 

measurements has been describe& in de ta i l  by Neppiras (iY* . The 

wfiere:&is the deflection along any point on the  gauge section, 

sois a constant ( t he  maximum def lect ion i n  a 5 4  resonator),  

h i s  the wave length of the vibrat ing wave, and 

X is the distance from the center b f  t he  specimen. 

By defini t ion,  the s t r a i n  ( e  ) is equal t o  /ax, therefore: 

and Emax occurs a t  the center  of the specimen (X 0). 

From measurements of the  deflection ( 6  ) at a known distance ( X )  from 
the  specimen midpoint, the constant (&) can be determined from Equation le 
With t h i s  constant, the maximum s t r a i n  can be determined from Equation 3 
and the stress can be calculated by multiplying tb s t r a i n  by the modulus 
of e l a s t i c i t y  . 

st Numbers i n  parentheses per ta in  t o  references i n  the Bibliography. 

- 2  - 
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FIGURE 1. CATHETOMETER IN POSITION TO OBSERVE SPECIMEN 

8725 
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The actual  experimental technique i s  schematically shown 
i n  Figure 2. 
t e r i s t i c  marks on the specimen a t  a known distance from each of t h e  
specimen shoulders. The difference between the  width of the marks 
before and during vibration represents the  sum of the  posi t ive and 
negative deflection produced by the vibratory wave ( 2  6 ). 
ison of the deflection values a t  points equidistant from the specimen 
midpoint provides a masure of whther  the  maximum s t r a i n  point i s  
truly located i n  the  center of the specimen gauge section. 

The cathetometer is used to measure the width of charac- 

A compar- 

Measurements were taken at an ambient temperature o f  7 2 9  
(22OC) a t  various points  along the gauge sec t ion  of a TW specimen. 
I n  additiop, deflection values were a l so  obtained a t  points  on the 
specimen shoulders and ends to  determine whether t h e  theore t ica l  
stress amplification produced by the specimen design was actual ly  
obtained. The r e s u l t s  of the  measurements are presented i n  Figure 3. 
Considering in i t i a l ly  the gauge section, the measurements were taken 
a t  the points  designated (a) and (a1) ,  which are located 0.350 inches 
from the specimen midpoint. 
was obtained a t  these points, and this value of def lect ion was used 
t o  calculate  the s o l i d  deflection curve shown i n  Figure 3. 
values of deflection i n  the gauge section were somewhat below the  predicted 
values. The calculated deflection a t  t h e  specimen ends and a t  t h e  
shoulder are also compared with the measured deflection. 
xiemured a t  the shoulders compared reasonably well  with predicticns based on t m  
calculations . 

An average value of 37S/d.nches def lect ion (26) 

The measured 

The displacement 
. 

The s t r a i n  values calculated fmm Equation 2 are also shown 
as the dotted l i n e  curve i n  Figure 3. A marked s t r a i n  concentration 
occurs a t  the shoulder due t o  the reduced cross-section. The s t r a i n  
along the gauge length i s  reasonably uniform varying from 5.39 x 10 
at  the  midpoint t o  5614 x 10-k at t P  
modulus of 47.6 x 10 p s i  (3.28 x lO%/m ), t h e  strfjss 3t the  midpoint 
of the  TZM specimen tested was 25.600 p s i  (1.76 x 10 N/m ) with 200 
vol t s  applied t o  t h e  crystal .  

-4 
-ad$.us. U s i m  t he  measured 

The def lect ion present i n  each component of the vibrating 
train w a s  measured with the cathetometer and compared t o  the predicted 
def lect ion t o  determine i f  any areas existed where excessive energy 
losses were experienced. The results obtained i n  these se r i e s  of  t e s t s ,  
conducted a t  room temperature, are shown i n  Figure 4. 
degree of energy loss apparently occurred i n  the mounting flange where 
the observed 1.1 3 m l i f i c a t i o n  of def lect ion w a s  considerably below 
the theoret ical  amplification of 4. The lack of s t r a i n  amplificaidon 
i n  this  component, can be a t t r ibu ted  t o  the  f a c t  t h a t  the  mounting flange 
weld, although located a t  thc  deflection node, occupies a f i n i t e  area which 
unavoidably causes a l o s s  i n  amplification. 

The l a r g e s t  

- 4 -  
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REFERENCE LINE 

MEASUREMENT 

8=& SIN K X  

STRAIN ( E )  DETERMINED BY DIFFERENTIATING EQUATION OBTAINED FOR DISPLACEMENT 
CURVE 

AT SPECIMEN CENTER E = - K S 0  

FIGURE 2. SCHEMATIC ILLUSTRATION OF METHOD FOR DETERMINING 
SPECIMEN STRAIN IN HIGH FREQUENCY TESTS 

- 5 -  
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Amp1 i fication Displacement 
Actual Redicted 26 (u- inches) Position 

I 

A 

168 B 

129 C -- 

1.13 

7.25 

4 146 D 

16 940 E 

*HFuNGE - 
T i  STEPPED HORN / 

Cb ASTUB / 

Cb STEPPED HORN / 

TZM SPECIMEN 

FIGURE 4. COMPARISON BETWEEN PREDICTED A N D  OBSERVED DISPLACEMENTS 
IN VIBRATION TRAIN, 180 VOLTS APPLIED TO CRYSTAL, 20 KHZ 
FREQUENCY, ROOM TEMPERATURE MEASUREMENTS 
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The apparent l o s s  through the flange, however, may not  be 
r e a l  but merely a re f lec t ion  i n  the uncertaini ty  i n  measuring low 
values of deflection d i r ec t ly  by opt ical  means. For example, the 
measured amplification from points D t o  ii is  6.3 which is  not  
possible, since the value can never exceed 4.0. This discrepancy 
can be rationalized on the bas i s  t h a t  actual  uncertaint ies  of 
LSOpinches are present i n  the  displacement measurements so  t h a t  
the measured values a t  C or D, where small displacements are involved, 
can be considerably i n  error.  
obtain more accurate values of displacewnt 2% p i n t s  A,B, and D t o  
determine the effectiveness o f  the flange mounting. Additional flange 
mounting designs w i l l  also be evaluated i n  an e f f o r t  t o  improve the 
efficiency of  energy transfer through the  flange. 

The capactive pick-up w i l l  be used t o  

I V .  TEST RESULTS 

Although the t e s t  materials - TZC and Cbl32M - have not 
been recieved from the vendors, preliminary tests on both smooth 
and notch specimens were conducted i n  an effort to evaluate the  t e s t  
techniques and determine whet er su f f i c i en t  power is available to 
f racture  1/4 inch (6.35 x 10 The in i t i a l  
tests were performed a t  room temperature on TZM specimns t o  determine 
the var ia t ion i n  s t r a i n  produced by a $veri increase i n  app7ied voltage. 
The results shown i n  Figure 5 indicate tha t  the  maximum s t r a i n  developed 
i n  the specimen was d i r e c t l y  proportional to  the applied voltage over 
t h e  range evaluated. 
t o  the  vacuum s e a l  there was some indicat ion that the s t r a in  devel-oped 
i n  the specimen was below the value predicted by the l i n e a r  re la t ionship 
shown i n  Figure 5. Gonsiderable in t e rna l  heating o f  the specimen also 
occurred a t  the higher voltages, and t h i s  factor may have contributed 
t o  the observed deviation. 

-3 m) diameter s p e c k n s .  

I n  the case where an actual  flange was mounted 

The r e su l t s  of t e s t s  conducted on the l /4 inch (6.35 x low3,) 
diameter TZM specimens are  summarized i n  Table 1. 
ducted before the cathetometer was received f r o m  the vendor, so tha t  
no d i r e c t  measurement of s t r a i n  i n  the specimen was obtained. 
m a x i m u m  drive of 200 t o  250 volts was employed to  determine whether 
specimen f a i lu re  would occur and  LO ident i fg  possible ,problems i n  the  
load t ra in .  I n  cases -where s t a t i c  loads were required the columbium 
IL.,e,rze h-c! tc 5s repls1coc! hy TZM tn eliminate excessive creep during the 
tes t .  
diameter specimen at any of the  t e s t  conditions. 
current ly  being redesigned t o  a 1/8 inch (3.17 x 10 
e f f o r t  t o  increase the applied s t r e s s  level.  

These tests were con- 

A 

No fa i lu re s  were experienced i n  the 1/11 inch (6.35 x 10-’m) 
T 3  specimen i s  

m) diameter i n  an 

- 8 -  
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FIGURE 5. RELATIONSHIP BETWEEN VOLTAGE APPLIED TO THE CRYSTAL 
AND THE DISPLACEMENT AS MEASURED WITH A CATHETOMETER 
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TABLE I 

Vacuum Fatigue Tests On Smooth Specimens 

Maximam Applied Voltage, Spechen Diameter 1/4 Inch (6.34 x 10-3 m) 

Material 

TZM 

TZM 

TZM 

TZM 

Description 

Heated i n  vacuum t o  an ambient 
temperature of 164OOF (893%)~ 
driven a t  19.7 kHz;(Kcps) sta i c  
loa9 of l6,OOO psi (1.10 x 10 Q 
N/m 4 
Heated i n  vacuum t o  an ambietnt 
temperature of 1520'F (827OC)~ 
driven at 1903 Wz(Kcps); 
s t a t i c  104 of 16,000 ps i  
(1010 x 10 1 N/nl*.) 

Ambient Temperature, 72'F 
(22 '~)  i n  vacuum at  static 
loads of 1 ,000 psi 

( L 6 3  x lo8 N/IT$)J 30,100 psi 
(2.07 x lo8 N/m2); 38,900 ps i  
(2.68 x lo8 N/m;!); 44,500 psi 
(3.07 x 10 N/m ); driven for  
3 hours a t  each load at 19.7 
kHz(Kcps); t o t a l  nynber of 

(1.10 x 106 8 N/m2) j 23,600 p s i  

cycles = 1006 x 10 

Heated i n  vacuum t o  ambient 
temperatures of 500'F ( 260OC). 

Cause of Failure 

Threadsd coupling between 

f a i l ed  during heatup; Joint  
subsequently eliminated. 

bottom Cb horn and +&stub 

Bottom Cb horn showed creep 
at t he  base of threaded 
coupling during heatup 

No fa t igue failures, 

No fat igue failures. 

- 10 - 
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Notch fat igue tests were also conducted on a TZM specimen a t  
an ambient temperature of 1840% (1003OC). 
shown i n  Figure 6. 
s t r e s s  concentration factor  of three ( K  = 3).t') Fatigue t e s t s  have 
indicated tha t  the effect ive s t r e s s  concgntration factor ( K  
l e s s  than theoret ical  value and the relat ionship can be expJessed as 

The specimen geometry i s  
This geometry was selected produce a theore t ica l  

is usually 

follows (3): 

Kf is ef fec t ive  s t r e s s  concentration fac tor  

s t r e s s  t o  f a i lu re  of unnotched part 
nominal s t r e s s  t o  failure of notched part Kf 

KT K =  
f 

r i s  the notch radius, where: 

A is  an experimentally determined constant, and 

K stress concentration factor .  T 

Since no data f o r  TZM are available which would allow the 
determination of t h e  constant A, the value of 0.002 was a r b i t r a r i l y  
selected. This f igure i s  representative of the  A value fo r  high- 
strength s t e e l s  which have a re la t ive  notch sensi t i i r i ty  i n  s t a t i c  
t e s t s  t h a t  appears t o  be comparable t o  TZM. The e f fec t ive  stress 
concentration factor  (Kf) was then calculated a s  1.75. The t o t a l  
s t r e s s  magnification produced by the notch was considered as the  
product of Kf and the ul t rasonic  s sa amplification p-cduced 
by the decreased area a t  the notch tu : 

Stress  amplification =: K F k ]  = 1.75 (4) = 7.0 

where D and d are defined a3 the major and minor diameters of t h e  
notch specimen (see Figure 6). 

- 11 - 
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The test plan f o r  evaluating the  notched specimen a t  elevated 
temperatures involved measuring tb specimen def lect ion on the m q o r  
diameter to obtain a value-of the nominal stress and then increasing 
the voltage i n  d iscre te  increments u n t i l  failure occurred. Specimen 
fracture and l o s s  of resonance took place a t  an a 

application of the lowest applied voltage (78 volts) .  Optical pyrometer 
measurements indicated that the application of the ul t rasonic  energy increased 
t h e  temperature of the specimen a t  the base of the notch by 54OF (30%). 
Using the applied vo tage-displacement curves obtained f o r  notchl specimens 
a s t r a i n  of 60 x 10' i n / h  was determined as being prese t i n  the majorll 

and an effect ive s t r e s s  concentration ( K f )  of  7.0 t h e  maximum stress a t  the  
notch was calculated as 16,800 psi (1.16 x 10h/m2). The appearance of t h e  
f racture  surface is dhown i n  Figure 7. 
"beach" marks w a s  apparent across approximately one-half the cross-sectional 
area. 
stress concentration f ac to r s  in an  e f f o r t  to define the var ia t ion i n  f a t igue  
properties with notch geometry. 

i e n t  temperature of 
1840OF (1003"C). approximately 18  minutes (20 x 10 P cycles) a f t e r  th 

diameter section. Applying an e l i s t i c  modulus of hU x 10 8 p s i  (2.76 x 10 N/m ) 

A fa t igue crack with noticeable 

Additional tests w i l l  be conducted wi th  specimens having less severe 

V. FUTUREWORK 

Delivery of both the TZC and Cb132M has been scheduled f o r  July. 
A smooth specimen geometry w i l l  be defined which is capable of undergoing 
fat igue cracking a t  2000'F (1093OC). 
i n i t i a t e d  wi th  both smooth and notch specimens of TZC t o  define representative 
S-N curves. 

Elevated temperature tests will be 

- 13 - 
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FIGURE 7. APPEARANCE OF FRACTURE SURFACE OF NOTCHED TZM SPECIMAN 
IF -=  r)\ -r---- 

18.6 KHz, TOTAL TEST TIME 18 MINUTES (2.0 X lo7 CYCLES) 
a), I c31 tU  AT A N  AMBIENT TEMPERATURE OF 1840°F (1003"C), 78 VOLTS, 
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