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20. Abstract

• The ISG is based on the motion of laser-generated interference patterns
from the specimen su r face .  If suitable reflecting surfaces cars be made that
wifl withstand the high temperature environment, then the technique has
great potential. qC...

Tungsten is easil y polished , and reflecting indentations can be applied
with a Vicker ’s hardness tester. However , tungsten oxidizes very rapidly
and the technique can be used for heating tests onl y up to about 800°F in
air. The temperature limit can be extended by using a less oxidizing at-

• mosphe re .  The oxidation and background radiation at Z500~F would be the
V limiting factor s on use of the ISG on tungsten , but the background radiation

can be reduced with better in ter ference  f i l ters  over the photomultip lier
tubes.

Reflecting indentations cannot be formed directly in graphite , so an-
other material must be attached to the specimen surface and the indenta-
tions applied to it. Platinum/b -percent- rhodium was evaluated and found
to be an excellent material for this purpose. It doe s not oxidize enough to
destroy its reflections under short exposure (ten minutes) to 2500°F. A
ceramic adhesive was evaluated as a means of attaching Pt/lO% Rh tabs

• to graphite and was foun d to be sati sfactory for slow heating, but not for
thermal shock.

— -

—i Details of the techniques and instrumentation, as well as descriptions
of the various evaluative experiments, are included in this report.
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FOREWORD

This repor t  describes the e f fo r ts  to develop a laser-based strain

gage for use on grap hite subjected to thermal  shock. The work was per-

formed under Air Force Contract F336l5-75-C-5230 with Lt. Terry Hin—

ner ichs  as technical  monitor.  Professor  W. N. Sharpe , Jr .,  of the College

of Eng ineer ing , Michi gan State U n i v e r s i t y ,  was the principal investigat or.
The project  period was 1 May 1975 to 31 March  1976 , and the draft  r eport
was submit ted 17 March 1976.
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suggested the general  research  area , and Lt Te r ry  Hinnerichs has  been
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SECTION 1

I N T R O D U C T I O N

Thermostructural technology of reentry vehicle nosetips r e q u i re s

knowledge of the material properties, computer code s for  predic t ing  the
response of structures, and test facilities for validation of the design pro-

cedures.  Experimental techniques for measuring deformati on enter in t o

this technology in both the property measurement  and test  phases.  Strain
or deformation measurements for property determination are  considerabl y
less difficult  than those for s t ructural  testing because one has the option of
choosing a convenient specimen shape. In both cases the measurement  prob-
lem is made more diffi cult because of the high t empera tu res  and high heat-

ing rates involved. The purpose of this research is to develop and evaluate
a laser-based interferometric technique for  measu r ing  biaxial s t r a in  on

tungsten and graphite specimens subjecte d to temperatures up to 2500°F
for very short periods of time. This technique , if feasible, has potential

for use in s t ructural  testing .
In a recent surve yW of techniques for measuring strain at high tem-

perature for long times (100 hours  or more) ,  it was concluded that suitable
technique s for use at tempe ratures above 1100° F do not exist. Considerable
research is under way on this ki ’~d of measurement, and some progress  has
been made sinc e the preparation of that report in 1973. The dif f icul ty  with
long time measurements  is the drift of the gage with t ime; the d r i f t i s  caused

b y phase changes of the gage material , oxidation , and other thermal effects .
These same difficulties are not as severe for short tim e measurement s , but - V

problems of response time , thermal expansion, etc., becom e severe. The
gages examined in that report mainly fall into three classes: extensometers
(both electromechanical and electro-optical), resistance strain gages , and =

capacitance strain gages. It is useful to consider gages in the same classes 
V

that may be applicable to high-heat ing-rate  testing .
Electromechanical exterisometers are not usually used for tempera-

tures above 1800°F. The transducing element (an LVDT or r e s i s t a n c e

strain gage) that is attached to the extensometer arms must be kept at a

much lower temperature for accurate results. However, extensometers

have been used to measure deformation inside a nosetip as it was subjected
to a rapid thermal loading.~

2
~ Probably the most applicable electro-optical

1
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extensor nete r is that  developed b y Babc ock and F- 1ochstein. ~
3
~ They used

an a r g o n  l a ser  whose beam was rotated across a gage section. The ed ges

ot t he  gage  se ct i on  were d e f i n e d  b y spu t te r ing  a thin f i lm of r e f r a c t o r y  ma-

t e r i a l  onto the spec imen .  S t r a in  measurement s  on ATJ-S  g r a p h i t e  to

~5O O °F at h e a t i n g  ra tes  of 100°F/ second were  made with th is  technique .

It would be v e r y  d i f f i c u l t , if not impossible, to extend this approach to

s t r a i n  measu remen t  on s t r u c t ur e s .

R e s i s t a n c e  s t r a in  gages have been successfully used to measure
- . (4)

static s t ra ins  at t em p e r a t u r es  up to 1500 F for at least  one hour .  Pre-

sumabl y they  could be used at hig her tempera tures  for shorter t imes.  The

bonding of r e s i s t ance  s t r a in  gages become s a problem at these hi ghe r tern-

p e r at u r es ;  ce ramic  cement  or spotwelding of encapsulated gages is often

used. The relativel y new ca pacitanc e strain gages appear promising for

high tempera ture  strain measurement .  One kind , the Hug hes gage ,~
5
~ is

usable for  static s t ra in  measurement  up to 1750° F and for t ransient  strain

m e a s u r e m e n t  up to 2000°F.  It has a gage - l eng th  of onl y 1/2 inch and may

be at tached b y spotwelding,  ceramic adhesive , or flame - spray techniques.

None of the r e s i s t anc e or capacitance gages are at present  capable of mea-

sur ing  stra in at 2500°F.
Moir~ technique s can be used to measure  whole-field strains at high

tem pera tures .  Durel1i~
6
~ describes moir~ technique s used at 1100°F for

times up to 1000 hours .  However , the technique s developed b y Neudecker~
7
~

are much more applicable to the rmos t ruc tura l  problems of nosetips; he

measured strains at 2500°F on graphite . The specimen grid  was formed

by gluing a commercially available nickel grid to the graphite specimen and

curing it at an elevated tempera ture .  The cure caused the nic kel g r id  to

fo rm carbides on the graphite specimen su rf ace which produced a grid that

was usable to 2500°F.  He illuminated the specimen with a I watt argon la-

se r (4880 A ° ) ,  but he also obtained visible f r inges  at 2370°F with a 1 mliii- V

watt He-Ne laser  (632 8 A ° ) .  I-U s specimen was enc losed in a resistance

fur nace with an argon atmosphere. He measured the coefficient of thermal

expansion of ATJ graphi te and the s t rains  at 2200°F in a diametrall y loaded

ring of H4LM graphites. Neudecker did not continue with the development

and application of this technique , but his work demonstrates that the rnoirg

technique can be used at 2500°F on plane specimens.
The laser-based speckle interferometry technique is currently under

2
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inves t iga t ion  for  use at hig h t e m p e r a t u r es .~
2
~ Many  of t~ie p rocedures

u sed b y Neudecke r would be u se fu l  in this approach.

None of the se technique s is ent i re l y sa t isfactory;  it is expecting

too much  to hope that  s t ra in  m e a s u r e m e n t s  at hi gh t empera tu re  will  ever

be as eas y as room t empera tu re  measurements  with the ubiquitous foil gage.

This report describe s a f ir s t  attempt to extend a nove l laser-based inter-

fer o r n et r i c  s t r a i n  gage to hig h tempera tures  measu remen t s-  -specif ical ly

on g raphi te  and t u n g s te n  at 2500° F. From this report  one should expect

more of azi indication of the pote ntial of the technique than a descr ipt ion of

a wel l-developed s t ra in  gage.

The basic theory underlying the in ter ferometr ic  strain gage (JSG )

is desc r ibed  b r i e fl y in Section II. Expected problems in extending this

technique to hi gh t empera tu res  a re  d iscussed in Section III. Strain mea-

V 
s u r e m e n t s  on two mater ia ls-  - tungsten and graphite - - are investigated.

Tungs t en  is a f i ne -g ra ined, isotropic , homogeneous metal , similar to the

mater ia ls  the ISG has been used for previously, and the problems associ-

ated with hig h temperature s t ra in  measurement  are d iscussed  in SectionlV.

Graphite is a l a r g e - gr a i n e d  ma te r i a l  that requires  a large gage length for

useful  measu remen t s .  Fu r t h e r m o r e, the graphite is not as ref lect ive and

thi s causes another significant problem. A description of the approach

taken to overcome these measurement problems in graphite is given in

Sect ion V. The first tests were fairly straightforward therm.al expansion

measurements on both materials ; these are described in Section VI. The

critical measurements-  - of biaxial strain on thermally loaded specimens of

both k i n d s - -w e r e  performed at Southern Research Institute and are pre-

• sented in Section VII. These are  pre l iminary  measurements, and conclu-

sions as to the applicability of the technique are drawn in Section VIII , with

recommendations given in Section IX.

SECTION II

THE INTERFEROMETRIC STRAIN GAGE (ISG)

The interferometric strain gage (ISG) is a unique laser -based  tech- 
V

V nique developed at Michigan State Universi ty .  Its main features are that it

is noncontacting, has a short gage length , and can o p e r a t e  in a hostile

3
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e n v i r o n m e n t .  It s  s m a l l  s ize  has  made it u s e f u l  fo r  the measurement  of
dis p l a c e men t s  near  f a t i gue  r a k  ti ps ,~

8
~ while its noncontacting character-

ist i , .  o f f e r s  a potent ia l  s o l u t i o n  to some of the s t r a i n  measurement  problem s

d i s c u s s e d  in  the I n t r o d u c t i o n .

I .  Basic The~~~~
The ISG an  be unders tood  with the aid of Fi g u r e  1 and the following

br ie f  d i s c u s s i o n .  A more  comp lete descr ipt ion of it is given in a review

paper (9) .

Two wed ge-shaped grooves or pyramidal  indentat ions are pressed
V into the specimen s u r f a c e  at A and B. These two grooves or two indenta-

t ions  f o r m  the ‘ gage ,” and each one has two sides that r e f l ec t  the incident

laser  li ght ont o sc reens  L and R located symmet r ica l ly at an angle a0. The

grooves  are f a i r l y shallow (on the o rde r  of 5 microns  deep), thus the light

r e f l e c t e d  f rom the sides is spread b y d i f f r a c t i o n  e f f ec t s , w ith the zeroth

order  appear ing  at a .  Because  A and B are close enough together for

the i r  d i f f r a c t i o n  pa t te rns  to overlap and the laser  li ght is coherent, inter-

f e r e n c e f r i n g e  pa t te rns  are  formed at L and R. F igu re  2 is a photograph

of a f r i n g e  pa t t e rn .

If the dis tance , d , between A and B changes , the f r i n g e  pa t te rns

• at L and R will move with respect  to f ixed  observation posit ions at I~ and

R. If this f r i nge  motion is m e a s u r e d  as a frac t ion  of the spacing between

f r i n g e s  and is labele d and L~
M R . the simple equation:

t~
M L + L ~

M R X
C = . (1)2 d sin ci

0 0

in which X is the wavelength  of the laser li g ht , relate s the f r i nge  motion
to the s t r a in  c.

For typical  va lues  of d = 0.016 inch (0 . 4 m m) ,  a 45’ , and >t =

0.633 microns, an average f r i n g e  shift  of 1 corresponds to a s train of

Z .2 x  or 2 ,200 ~i€ .

The indentations are typicall y app lied with a Vicke r ’ s h ard ness

tester .  The f r inge  motions are  monitored by mounting a photodetector
covered by a narrow slit in the f r inge  pat tern.  As the f r inges  pass over
this sli t , the in tens i ty  of light on the detector var ies ;  this variation can

be recorded and used to compute the f r inge  shifts in Equation 1.

4
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Figure 2. Photograph of uniaxial fringe pattern . Indentations were 400
microns apart , and pattern was photographed at 1.1 meter from the
specimen.
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2. A Biaxial ISG

Strain in two directions can be measured by a r r ang ing indentations

in the manner shown in FigLre 3. Photographs of f r inge patterns are g iven

in Figure 4 and it is seen that the continuous f r inges  are broken up b y in-

te r ference f r o m  the third indentation. However , if o~ie positions the photo-

detector slit pe rpendic ular to the strain direction , f r inge motion (and s train)

will only be measured in that direct ion.

The configuration of Figure  3 is useful  if the principle strain direc-

tion is known. If not , a general biaxia l strain gage can be constructed us-

ing six-sided indentations. This concept , along with other considerations ,

is discussed in reference 10.

3. Gage Length

One of the features  of the ISG is its short gage length. There are

situations , such as measurements on a coarse-grained material, when that

is a disadvantage. In principle , the gage length can be made approximately

as large as the coherence length of the laser (typicall y 1 cm or larger) .  But

as the gage length increases , the spacing between fr inges becomes smaller;

fringes then become harder to resolve . The equation governing the fr ing e

spacing is:

= d~~cos a~ 
(2)

where Aa is the ang le between f r inges  observed at a0.

Indentations produced by the Vicker ’s hardness teste r diamond have

an a0 of approximately 45’. If d = 0.016 inch (0.400 mm), i~a Z.2x10
3

radians. This means that at a distanc e of 20 inche s (5 1 cm) from the spec-

irnen the fringe spacing will be 0.044 inche s (1.1 mm).  This spacing is

quite acceptable since a slit 0.010 inch (0.25 mm) wide lets enough light

through to a typ ical photodetector to g ive a good signal-to-noise ratio.

A gage length of d0 = 0.25 inche s (6.4mm) has ~~a = 1.4x10 4 ra-

dians. At 20 inche s (51 cm) , the spacing will be 0.0028 inches (70 microns) ,

which is barely resolvable to the naked eye. One must  then extend the dis-

tance from the specimen to the detector. This ’reduces the intensity into the

detector , requiring a larger laser.

Figures  5 and 6 show fr inge patterns from indentations 0.2 inch (5.1

mm) and 0.1 inch (2.5mm) apart. T h i s  brings up another problem with

7
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Fi gu re 3. Schematic of a b iaxial ISG.
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Figure 4. Photograph of a biaxial  fringe pattern . Indentations were 400
microns apart , and pattern was photographed at 1.1 meter from the
specimen.
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Figure 5. Photograph of a uniaxial fringe pattern . Indentations were 5. 1 i~n
apart , and pattern was photographed at 2 meters from the specimen.
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Figure 6. Photograph of a uniaxial fringe pattern . Indentations were 2.5 nni~
apart , and patterns were photographed at 2.3 meters  from the
specimen.
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i nc r ea sed  gage lengt h ; the f r i n g e s  become small and on the order of the

laser  spe kles as the gage length is increased.  Measurements were made

at both of these lengths , but a gage length larger  than 0.2 inch (5.1mm) is

not p rac t i ca l .

4. Rigid BodLM o t ions

If the f r i n g t  patterns move as the specimen strains , they will also

mov t it the specimen moves as a r igid bod y. A discussion of the ri g id bod y

motion is given in reference 9, but the important points should be mentioned.
Averag ing the f r inge  shifts as in Equation I c ancels any contribution to

f r i n ge  motion of disp lacements in the plane of the specimen surface. How-

eve r , disp lacements perpendicula r to the specimen surface generate fringe
motions that are not canceled out and thus lead to e r rors .  If the specimen
sur face  moves vertically enough to cause  the fringe pattern to shift one

spacing, the n the AM value s in E quation 1 would be in error by 1. If only
a small  amount of strain is to be measured, thi s could lead to intolerable
e r r o r s .  For a gage length of 0.0 16 inches (0 .4mm),  the specimen would
have to move 0.044 inches/cos 450 (0.062 inche s or 1.5mm) to cause a
f r i n g e  shift  error of 1 at detectors 1.1 meters f rom the specimen. In

most laboratory experiments, this much motion would not occur .

SECTION III

THE ISG AT HIGH TEMPERATUR E

In spite of its potential , the ISG has not been used for even moder-

a tel y hi gh temperature measurements .  Thi s section discusses the prob-
lem s associated with high temperature strain measurement and suggests
som e solutions .

I .  Re f l ec t ing  Surface Oxidation

The “gage ” of the interfe r ometric strain gage is the pair of inden-
tations impressed into the specimen surface . The side s of these indenta-
tions must be reflective; indentations in bakelite , for example , are not

sa t i s fac to ry .  Most metals have sufficiently reflective surfaces when in-

dented with a Vicker ’ s hardness  tester , but all oxidize with time at high
tempera tu re .

12
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There  are  two possible  w a y s  for  solving this  oxidation problem:

1) Protect  the specimen with an i ne r t  atmosphere .

2) Attach some typ e of nonoxidizing tabs to the specimen and t h : n
put indentations in the tabs.  The l atter solution is more desir-
able if a sui table mate r ia l c-an be found , small  enoug h t abs can
be made , and a suitable method of attachment devised.

2. Background Radiat ion and Laser Selection

Figure 7 is a plot of th radiation from a black bod y heated to the

temperature indicated. As the bod y becomes hotter , not onl y doe s t he mag-

ni tude of the rad ia t ion  increase, but it shi f ts  to shor ter  wave lengths and

becomes more o fa  problem in the  visible reg ionbetween  0.4 a n d0 . 7  microns .

Wave lengths of two of the common type s of l a se rs  are indicated in

Figu re  7. The ubiqui tous He-Ne laser has a wavelength of 0.633 microns

and argon l a se r s  have thei r more  powerfu l  line s at 0.5 14 microns  and 0.488

microns .  F rom a considerat ion of the backgr ound rad iat ion alone , one would

select an argon laser .  In ter ference  f i l t e r s  with very  narrow bandwidths are

available , and in principle one can fi l ter  most of the back gro und radiation.

Ne udecke r  (7) viewed moir~ f r i n g e s  at 2370°F (1300° C) with a 1 milliwatt

He - Ne laser and in terference f i l t e r s , but changed to a 1.1 watt  (at 0.488

microns)  a rgon laser to obtain f r ing e pat terns  with better cont ras t .  Argon

lasers  are more powerful  (and more expensive) than He-Ne 1 a s e r s a n d

clearl y are the best choice for the ISG at hi gh temperatures .

3. Specimen Heating
If the specimen is to be heated in an enclosed furnace , the n optical

ports for the incident laser beam and exiting f r ing e pa t te rns  must  be pro-

vided. This is no problem as quartz  ports with a melting temperature on

the order of 4000° F are easil y available. An enclosed furnace  o f f e r s  the

possibility of providing an inert  atmosphere.

If hi gh- f requency heating i s used , then the coils must  be located to

provide for  the laser beam and f r inge  patterns.

4. Photodetectors and Recording Sy~tems

With a 5 milliwatt He-Ne laser , the intensity of the f r inge  pattern

passing through a slit in a typ ical arrangement  is on the order of 10~~ watts.

This is easily in the sensitivity range of photomultiplier tubes. S i l i c o n

photodiode s will measure  intensities this small , but not with a very high

frequency response. If one goes to a higher-power argon laser , then the

photodiodes are quite sat isfactory from a sensi t ivi t y viewpoint .
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The record ing system r e q u i r e men t s  are not v e r y  severe .  Stri p-

chart  r e c o r d e r s  with f r quenc y r esponses  on the orde r of 40 lIz  are  ade-

quate for  most experiments .  Li g ht beam osc il l og raphs , or other h i g h e r

freque nc y recorders , are  required for t r ans i nt exper iments.

SECTION IV

APPLICATION OF THE ISG TO TUNGSTEN

It is very  easy to use the ISG on tung ste n specimens at room tem-

pera ture  because tungs ten  is a reflective metal that can be polished and

indented by standard procedures .  The tungsten specimens were polished

with 320 , 400 , and then 600 gri t  wet sandpaper. The last sanding process

was fo l lowed b y a polish with diamond paste. It is necessary  to get the

specimen surface fa i r l y smooth before app ly ing the indentations in orde r

to prevent  s t ray ref lect ions of the laser beam into the f r inge patterns , but

the su r face d oes not need to be “ scratch f ree . ” Polishing flat cy lindrical
disks for the thermal stress measurements had to be done entirel y b y hand.

A photograph of a tungsten specimen is presented in Figure 8; the indenta-

tions are inside the black circle in the center of the specimen.
The problem in using the ISG on tungsten at hig h temperature is of

course oxidation. The vapor p ressure  of oxygen in tungsten oxide is so

low that sophisticated vacuum chambers are required to prevent oxide for-

mation. The rate of oxidation is controlled b y the rate of temperature  r ise .

The usable limit of the ISG on tungsten at different  heating rate s was a que s-
ti on to be answered b y this research;  the results  are presented in Sections
VI and VII.

Indentations were applied with a Leitz microhardness  tester  with a
Vicker ’s type diamond. For the hard tungste n, the heaviest standard weig ht

was required. A photograph of a biaxial set of indentations in tungsten is

presented in Fi gure 9. These indentations produce hi gh quality fr inge patterns .

I
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Figure 8. A tungsten disk specimen.
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Figure 9. A set of biaxial indentations in tungsten. Good qual ity f r in : Ve

patterns are observed in sp ite of the scratched surface .
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SECTiON V

APPLICATION OF ‘filE ISG TO GRAPHITE

The ISG has been used on plastics (11), but not on a low reflectivity

n”nmt’t t i  l ike g r a p h i t e .  Use of the  ISG on such a material requires that

suitab le reflecting surfaces be formed on the specimen.

I . Nat ir~ of G raphite

The ATJ-S graphite used for specir~iens is a homogeneous but coarse-

grained soft material with fairly large voids. A photomicrograph of a pol-

i shed  g r a phi te  su r fa ce is shown in Figure 10. The specimen was prepared

b y sand ing  ari d then polishing on metallurgical polishing cloth. Since a typi-
cal d imens ion  for  an indentation is 25 to 40 microns  on a side (see Fi gure

) , the voids in the mate rial are large enough to prohibit the product ion of

smooth-s ided indentations. Attemptt~ to make indentations with the Vicker ’ s
ha rdness  teste r fa i led  because the sides of the ir identations simpl y crumbled.

Even  if  smooth-s ided indentations could be formed , it is doubtful  that ordi-

n a r y  l a b o r a t o r y  l a s e r s  opera t ing  in the visible reg ion would re f lec t  enough

f rom t he indentations to generate a f r inge  pattern. Clear l y, some kind of

ref lective mate rial m u s t  be applied to the graphite .

Several  schemea for producing the re f lec t ing  su r faces  were  consid-

e red  but r ej ec te3 .  The process  of vapor depositing a metallic (and thus re-

f l e c t i v e )  coat ing onto the s u r f a c e  of indentat ions formed in the graphite was

rejected because smooth indentations could not be produced in the crumbly

gra phite.  If one were  to coat the su r face  of the graphite by depositing met-
al onto it , one could then make ind~entations in the ref lect ive coating . But

attempts to make indentations in thin metal foils showcd that the coating

would have to be quite thic k (0.0 10 inch (250 mic rons )  or more) before suit-

able indentations could be formed. A coating that thick would re in force  the

spe c i m e n  and g ive incorrec t  s t ra in readings .
N e u d e c k e r  (7) generated a moir~ grid by vapor-depositing tungsten

throug h a 500 line per inch screen onto a graphite specimen. He also found
that nickel  wi res  can be attached to graphite by a simple heat treatment

which forms a nickel-carbide line. These lines are reflective and when

illuminate d by a laser would reflect the radiation in all directions perpen-

dicu la r  to the line . A pair of these line s would in principle generate suit-

able interference fringes , but since the laser light is scattered over 180°,
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Figure 10. Photo inicrograph of ATJ -S graphi te .

19

L V~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~V.V V V  ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ V V V ~~V V 
~~~~~~~~~~~~~~~~



V - V  V~~-V V~~ V V -V_-V- -V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -V
~1

V 

t he  p a t t e r n  wou ld  he qu i te  dim . Because of this dimness and (- oncern about

the  uniformity el the  car b i d e  l ine s , th i s  approa -h was not t r i e d .

Tl t t ’  t e c hn ique  of a t taching  smal l  tabs  of a thin metal  sheet  to the

spec imen  wi th  c e r a m i c  adhes ive  was se lec ted  as the most  promis ing .

2 . Se lec t ion  of Tab M a t e r i a l

The tab ma te r i a l  needs to be r e f l e c t i v e  and r es i s t an t  to oxidati3n.

In add i t ion , it mus t  be avai lable  in th in  sheets  and eas i l y cut and po l i shed .

M a n u f a c t u r e r s  of wire  and foil res is tance strain gages have examined many

d i f f e r e n t  a l loys as to their  sui tabi l i ty  for  hig h t empera tu re  gages .  For re-

s i s tance  s t r a i n  gages , the alloy m u s t  not onl y be oxidation res is tant, but

m e t a l l u r g icall y stable to permit  a ccu ra t e  res is tance change measu remen t s .

Ber todo ( 1 2 )  concluded that plati n um- tungs ten  alloys offered most  promise

as hi g h t e mp e r at u r e  gages .  However , based on the recommendat ions of a

ma te r i a l  supplier  (13) ,  p la t inum/b -percent- rhodium was selected as the

tab ma te r i a l .  This choice was supported by other r e f e r e n c e s  (14)  whic h

showed that P t/ l0% Rh should be capable of standing 2500°F for  eight min-

ute s in air  without oxidation. However , it was not known how much oxida-

t ion  is permiss ible  be fo re  the i n t e r f e r ence  f r inges  deter iorate;  this must

be d et e r m i n e d  exper imenta l ly.

A 1 i n c h xZ  i n c h x 0 . 010  fn c h  ( Z . 5 i n x 5 c m x O .Z Sr n m )  sheet of Pt/ 10%

Rh was  pu rchased  f rom Mathey- Bishop,  Inc. ,  Malvern , Pennsylvania , 19355.

3. Selection of Adhesive

Hig h t empe ra tu r e  r es i s t a n c e  s train gages  are  attached b y ceramic

adhesive s , f l ame  sp ray ing , and spot-welding. The ceramic  adhesive is

the only p rac t i ca l  one of the t h r e e  fo r  attaching tabs to graphite , but adhe-

sives for  res is tance strain gages are intended for  temperatures  less than

the des i red 2500°F .

A ceramic  adhesive that appeared ideal is Aremco Bond 503 manu-

f a c t u r e d  b y Aremco Produc ts , Inc.,  P .O.  Box 429,  Ossin ing , New York.  It

is rated at 3000° F and specifically state s that it can be used on graphite as

well as other m a t e r i a l s .  It r e q u i r e s  an initial  cure  to 2 50°F followed by a

cure to 1000°F to reach maximum strength.  It initially has the v iscos i ty

of an o r d i n a r y  paint and so is quite easy to use.  Af te r  obtaining a supp ly

of the adhesive , a tab was attached to a te st piece of graphite and the test-

piece hea ted  to 2500°F  and held the re  for approximately ten minutes and
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then furnace-cooled .  Examination of the tes t -piece s howed that the tab

was still f i rml y attached even thoug h all of the test-piece had been severe-

ly eroded b y oxidation. The p la t inum/b -percen t -  rhodium tab had a pair

of indentations in it , and f r i n ges were  still visible . Thi s simple tes t  in-

V 
dicated that the proposed ISG a r r a n g e m e n t  on graphite was feasible.

The Aremco Bond 503 has a shell-life of several months , bu t its

propert ies  arc quite dependent on the p H of the adhesive. Toward the end

of the research program some bad bonds were made, but the adhesive was

reconstituted by adding orthophosphoric acid to it.

4. Gage Configurat ion
Figure 11 is a photograph of a dished-disk graphite specimen with

two platinum tabs attached with Aremco Bond 503. The light gray  mater ia l

sur rounding the white adhe sive is a thin precoat app lied to the specimen.

The plat inum-rhodium tabs are pressed down f la t  on the graphite specimen

and anc hored by the ceramic adhesive around them. The tabs are approxi-

matel y 0.050 inches (1 .25mm) square and the indentations on the two tabs
are 0.10 inc h (2.5 mm) apart. A biaxial gage would requi re  a thi rd  tab.

SECTION VI

THERMAL EXPANSIO N MEASUREMENTS

Experiments in which the specimens were heated at relatively slow
V rates were conducted at Michigan State University . The purpose of these

tests was to evaluate the various aspects of the technique before proceeding

with the thermal loading experiments at Southern Research  Institute .

1. Furnace and ISO Instrumentation

It was necessary to construct  a furnace at Michi gan State Universi ty
that would permit entrance of the laser beam and exit of the fri ’-ige pat terns.

A photograph of the furnace  is shown in Fi gure 12. Heating is accomplished
by four Norton “Hotrods ” in series. The top walls of the uncovered fu rnace
are sloped at approximately 45° ; when the specimen sits on a f i rebr ick  ped-
estal in the center of the fu rnace  the fr inge patternr  jus t  clear the furnace
walls. The sides of the fu r nace are insulated with Kaowool covered with
Alundum 485 cement . Temperature is measured by a sheathed Pt/ 10% Rh

21
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Figure 11. An ATJ-S graphite specimen with Pt-l07~ Rh Tabs attached with ceramic
adhesive .
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FIgure 12. Furnace with and without firebrick cover.
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t h e r m o c ou p le built into the side of t h e  f ur n a c e  c a v i ty a n d b y a  small  Pt/ 13%

Rh t he r m o c o u ple placed nea r the specimen.  The f u r n a c e  c ove r was con-

stru cted of f ir e b r i c k  which was eas i ly  cut into shapes that  would f i t  the fur-

nace walls  and permit  the f r inge  patterns to exit. All opening s for  laser

beams were covered  with 0.25 inch  (6 .4mm) thick fused-s i l ica  par ts .  A

typical  tem pera ture- t ime p lot is shown in Fi gure  13.

Two lasers were used in the course of this research- -a Jodon Model

HN- 20 He-Ne laser with 2u milliwatts output at 0.633 microns and a Coher-

ent Radiation Mode l 52 Argon laser  with 200 milliwatts output at 0.5 14 mi-

ro ns. The argon laser  became available from another r e sea rch  proje c t

for  the last month of th is  projec t .  Hi gh quality in ter ferenc e f i l t e r s  with a

bandwidth  of 12 Angs t roms  were  u se d  over the detectors with the He-Ne

l aser  and cheaper  in t e r f e r ence  f i l t e r s  with a bandwidth of 80 A n g s t r o m s

were used with  the a rgon  laser.

Two Amperex type X P - l l l 7  photomultiplier tube s were  used for the 
V

hu lk  of the experiments .  These were terminated with a 10 K-ohm res i s to r

g i v i n g  a m a x i m u m  output voltage of 10 volts. The y requ ired  a power s upp ly

capable  of p roduc ing  10 m i l l i a m p e r e s  at 1800 volts to drive both tubes .  The

3/4 inc h ( 1Q .Z mm )  ape r tu re  of each tube was covered except for  a slit of

width  0.01 inch (0.25 mm) for  the widel y-s paced in ter ference  f r i n g e s  or

0 .003 inch (75 mic rons)  for the finel y-spaced f r inges  generated b y the larg-

er gag e  lengths .  The in te r fe renc e f i l t e r s  were  placed direct ly over the s l i ts .

Two United Detector T ype photodetectors with an aper ture  0.040 inch

( 1 mm)  in diameter and a buil t - in op-amp were also tr ied.  They r equ i re  onl y

a ± 15 volt power supply. Again , the aper ture  was covered except for a na r-

row slit and the in te rfe renc e f i l ters  were used.

Fr ing e motion was recorded on a Sanborn s’rip-char t  r eco rde r  run-

ru ng at a speed of 0 .25 mm/sec. It was necessary  to use an invert ing cir-

cui t  for  eac h photomultiplier tub e as the output is negative. T yp icall y,  the

output of the tubes varied between approximatel y 0.5 volt and I volt as the

pattern was scanned. The photodetector varied approximatel y 50 my about

a 1 volt dark output; this relatively large DC level was easil y handled by

the zero  suppression of the Sanborn amplif iers .  Since the ISG technique

measu re s  change of intensity ra ther  than absolute intensity,  se tup and cal-

ibra tion for  a tes t  is rathe r easy .

Fi gure  14 is a photograph of the experimental setup at Michi gan

State Un ive r s i t y . 4
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2. Experiments  on T ungsten

One of the ve ry  f i r s t  experiments  run with the Mich i gan  State Uni-
vers i ty  fu rnace  was a thermal  expansion test on tungs ten  wi th  a rgon  flow-

i rtg over the specimen.  The He-Ne baser  was used along with th~ pho todi-
odes. One photodiode malfunct ioned during the test , but the output of t he

other is reproduced in F igure  15. It shows c l ea r l y the motion of one corn-
plete f r inge  shift  and the decay of the signal as the specimen oxidizes .  The

rest of the signal (not included in F igure  15) shows no maxima or minima.
Not e the inc reased  no i se on the signal as the f u rnace beg ins to heat up;
this is caused by increased motion of the dust  part icles  in the a i r .  Thi s
does demonstrate that a relatively inexpensive laser and photodiodes can
be used; the voltage change of the signa l is approximatel y 30 m v .

The t emperatu re of th e spec imen was recorded ori g i n a l l y by the
large thermocouple in the f u r nace , but this was not s a t i s f ac to ry .  A subse-

quent test  in which the temperature was recorded b y the small  thermocou-
ple placed next to the specimen as it was heated at the s a me  power l e v e l

was used to construct  the s t rain- tempera ture  curve of Fi g u r e  16.
In an attempt to reduce the oxidation of the tungsten , a spec imen

was enclosed in a fused quartz  containe r which permitted the e n t r a n c e  and
exit of the laser and fr inge patterns . The container was  the n evacua ted  and
purged with argon several times and finall y sealed off .  The f r i n g e  pat tern
t races  ( recorded by photomultiplier tubes) are  given in F igure  1 7. F r inge
shifts are easil y identified , but again the motion of the air  genera tes  neise
on the pattern. As the specimen oxidizes , the pattern inte .Vlsi ty  d ies out .

Temperature was recorded b y a thermocouple pla~ ed ad jacent to

the container. The strain-temperature plot of Figure  18 agrees  roug hl y
with the re fe rence  data (15);  the differenc e is probabl y in the tempera ture
measurement.  Creating a relatively inert  atmosphere  around the tungs ten
extended the oxidation limit to approximatel y 1600°F , but a sophist icated
vacuum system would be requi red  for very hi gh temperature  measurements .

Because of the limited thermal expansion data obtained at Michi gan
State University, it was decided to subject one of the tung sten disk speci-

mens to a “ slow ” heating rate at Southern Research Insti tute.  The speci-
men was heate d at a rate of approximately 17°F per second as measur ed

by a thermocouple placed on the opposite side from the indentat ions and
located approximately 0.2 inche s (5 mm) from the center of the specimen.
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A p lot of the s t ra in  as a funct ion  of t ime is g iven iii F igu re  19 and a cop y

of the lig ht beam osc i l lograph r eco rd  of pat tern 1 is shown in F igure  20.

Fi gur e 20 show s the decrease  in f r inge  vis ibi l i ty  as the specimen oxidizes.

Accord ing to t T i e  thermocouple , the temperatur e at which the specimen ox-

idized was 340 ° F. From r e f e r e n c e  (15), the strain of tungs ten  at this tern-

pe r V t t e r e  should be approximately 0.65 x 10~~~. The strain measured is over

twenty  times that predicted by previous  thermal  expansion measurements .

Clear ly  this he a ting rate is not slow enoug h to produce uniform heating ;

this was v isual l y observed as the outside of the specimen began to g low

before  the center .  The center of the specimen is subjected to tensile loads

b y the heated outside ring . However , thi s indicates that the ISG become s

use less on tungsten  at very  low tempera tures  in air (a flow of ni t rogen was

directed across  the specimen in this  experiment) .

3. Expe r iments on Platinum- Rhodi um

After  platinum/I 0-percent - rhodium was selected as the tab mater ia l ,

it was neces sa ry  to evaluate the oxidation and its resul t ing ef fec ts  on the

fr inge  pattern.  Some pre l imina ry  tes ts  in ~~hich a small specimen (0.1 x

0.2 inch (2 .5 x 5 . Or n i m ) )  was subjected to Z Sf) 0 °F and the f r inges  af ter  that

t reatment  compared  with those before  indicated that the mater ial  wa: sat-

i s fac tory .  It was decided to run thermal expansion experiments on plati-

num/rhodiurn as a test  of both the tab material and the ISG instrumentat iox .  -

The resul ts  of the f i r s t  te st on Pt-Rh are presented in Fi gure  21

with a par t ia l  reproduct ion of the str ip-chart  record  in F igure  22. A mal-

funct ion  of the smal l  thermocouple caused the test to be shut down and

started over a f te r  the temperature  had stabilized at 300°F . The s t ra in

measured  is plotted in comparison with thermal expansion data from ref-

erence (16). It must  be emphasized that the purpose of these t es ts  is not

to measure  thermal expansion , but to determine if f r inge  motion can be

— measured at hi g h t empera tures .  The comparison with re ference  data is

include d to show that the s tr a in s  are approximately cor rec t .  One would

have to have better temperature  measurement , a more stable pedestal for

the specimen , correct ions for  small ri g id body motions , etc. ,  before ac-

curate  thermal strain data could be obtained. The temperature was re-

corded by the small thermocouple placed next to the specimen on the pedestal.

A second test was performed with improved experimental proce-

dures , and its resul t s  are given in Figure  23. It shows result s similar
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to the previous test  at hi gher  tempera tures ;  this may be an er r or due to

rigid bod y motion. Fi gure  24 present s the oscillograph t race and , when

compared with Fi gure 22 ,  show s the value of a modest amount of experi-

ence. One will  note that these measurement s are  terminated at about

2200 °F.  At these tempera tures  the furnace  is heating so slowl y tha t the

f r inge  peaks on the s t r ip-char t  record are hard to identif y. To measure

stra in  under these conditions , it would be much bette r to monitor the f r inge

motion with a moveable photodetector which permi ts  measurements  of f r inge

shif ts  smaller  than one-half  (see re ferenc e 8).
V Fi gure 25 shows three photo s of the f r inge  pat terns  be fore , at 2500°F ,

and af ter  the second test.  An in te rfe rence  f i l ter  was placed in f ront  of a

lers seless camera for these photos. If one can see the f r inges  at 2500°F ,

as Figure  25 demonstrates, then one can measure  the i r  motion. The photo-.

rnic rographs in Figure  26 show that ve ry  little oxidation of the Pt-Rh tab

occurred during the heating and furnace-cool ing cycle.

A biaxial thermal expansion test in which strain was measured in

two directions was attempted , but a malfunction of the laser af ter  the te st

started produced unintelli g ible data .

4. Experiments on Graphite

The graphite was to be tested with a large gage length--on the order

of 0.2 inche s (5.1 rnm)--so  the f r inge  patterns appeared similar to those in

Fi gure  5. That f i g u r e  is perhaps misleading becau se it doesn ’t c onvey the

dimness of the fr inge pattern. It was necessar y to set up and run these

tests at ni ght because the laboratory could not be ful l y darkened in the day-

time. The f r i n g es  were readil y visible then , but their close spacing made

it diff icult  to assure  that the slits were  parallel to the f r inges.  If the slits

aren ’t parallel to the f r inges , the maxima and minima will not be distinct.

A graphite disk similar in appearance to the one in Figure 11 was

prepared with 0.2 inch (5.1 mm) between the indentations. The photomulti-

plier tubes were placed approximately 80 inches (Zm )  from the specimen

and slits approximatel y 0.003 inch (80 microns)  wide used. Fi gure 27 is a

partial reproduction of the recorded intensities. The laser in tens i ty  was

also recorded as some noisy behavior of it had ruined a coup le of earlier 
V

tests (in par t icular , a biaxial Pt/ 10% Rh test with four  intensi ty t races) .  V

One pat tern shows no discernible f r inge  motion , while the other shows onl y

v e r y  small intensi ty variations. Clearly the signals of the latter pattern
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V around the fi lter edge.

40 V

-. -— __

— — - V  —~~~~~~~~~~~ V -V ~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~ - V~~~~~~~~ ~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~



—-V — ,—V--—-,—~~~~----—V- — 
-— ________

• 
. j .1~ 

&- . ¼ ,.
% . • ‘

.~~
.‘\ \ 1

~‘:  2
4”~

t 4
~.;1, 

~- k:-: ~~~~~~~~~~ ~~~ 
. . -

- 
-
- 

- ~~~~~~~~~~~~~~~~~~~ 

. V

.
-

,, i~_ _ _  

,.

-- 
,J . ~~~~~~~~~~ ~~~~~~

- 
-

- - . .. -
V.’- .4 V

V
-V- V ~ V VV. -V

C ~~~ . V

s - 

~ 

V
V • 

V V

~ e~e,e Te,t

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .\~~
.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~

~~4. t .r Te~~t

Figure 26. Photomicrograph of an indentation on Pt-1O% Rh before and
after a test.

41

— -  -~~~~ 
-V -— ~~——i-’ 

~~
-
_

-V-
~ i~~~~ 

--



-V- - V -V ~~~~~~~~~~~~~~~~~~~~ V ~~~-V ~~~~~~~~~ -V~~~ ~ -V_~~~~~~~~~~~~~~~~~~~~~~

~
:-_~~~~~~~~

-‘ ~~~~~~~~~~~~~~~~~~~~~~~~~ I I i I I I I 1~ t I a
~~I;1L4niwrn II ‘~1 I I i I t ~ ~ 1& ~-4 I- V. 

~~~~~~~~~ : - : : : .  : . :. :~~:. : : :. :-:; :~~; .::: 4.)
—iui~~~~~~~~~~m*i ti ~ ~ r i i i V .,

~~

~~~~~~~ 
I 

~ 

- —
—V __ IIIIIIfl I-4-~f~I-44-;~ .. - ... - , _ . : ;  ._ ~ .;.~ !~ ~~~~ ~~~~ - ~ ; . . _  .~~

~~~~~~~~~~~~~~~~~ 

: : : ; ; . ~: - . : : : :: ~ : ~ 
• ~ ~~ :: : • ~

- .:~~::: . : - : : : : - : - - - :: - : ~ ~~ V
-V 

~~r :: ’ ~~~~~~~~~~ 
- - : :-~ -

-
~~ ~~::~ ~ 

V V V • V V • V V  ~~~ V .  ~ ~~ ‘
_ -  

V ::;: ::. . :: .; :: :: .: :::~ :~: .:~ ~~~ ;~~~‘ 
~ V V : .  :r 0)

— :,tt :- .: :; — : :  :t :: :: :t V : : . V .~ .,
V 

0

4) 
- : : ‘ _ _ :  

- 
. - - -  

— us
a)

- - V - 4-)
.4 . ..; ..  _~ 

. : . ::: :::: : . : _ : . : .  - : :: - : _ - - -  - 
- 

-_ :‘ : : _  - - .
-~~ . ;- _~~~~~~~~ V • - - - 0

V V - -  V us
C 

.~~~~~~~~~~~~~~~~~~ 
- : : :  : - :: ~~~~~~~~~~~

V - -  
- V 

- - - : : : . . : : : . : : . . .
V 

- :~~~~T .  : : . :  .:: - - 
:::. - - : - a)

‘TL
- ~ . ::: .~~:: :.:. - :: 

-V
: 

V -V

— V ~~~~~~~~~~~
- - - - -- -

~~~~ -~ -~ 
- -~~~ IA ~~T

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
f _ V . . - V . - V - 

g
-

- - -  :: - -  - - V --
- - ~~~~

- 
- V — 

- ,  : -  p - - - V ~ V 
V - —

- . : : :  - : : . :  .t - -. : z ~~~: t : :  - 
- 

- - - - - - : - - . - - .  us
::;: ::: - — _ ---- :: : -  - : .. a)

____- UC)
— 

- _ :  :.: . :::: ~io. - _ - 
- : 4~ C

— _ - - :  - -  
-

- - v
— 

~~ t 
— E (%J

-Vi- 
__ ____ 

I: 
~-V~-V

w

42

-V —-V-- V ~~~~~~~~~~~~~~~~~ — ~~~~~~ -V~- V-V~~~ —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -V - — ~~~~~~ .~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~—-—- ._~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-



-- ~
- - -— —- -

~~~~
-
~~~~

-- - -V
~~~~

- - ---~ --~~~~- -~~~~~~ . - - ~—-.--- -

are  not s a t i s f a c t o r y ,  but if one a s s i g n s  f r i n g e  sh i f t s  as indica ted , the

s t r a i n - t e m p e r a t u r e  data of F igure  28 is obtained.  This is roug hl y in

agreement  with thermal  expansion data for  ATJ -S  g raphite (17) .

The specimen after  the test is shown in Figur e 29. It is v e r y  bad-

l y oxidized , and the tabs and adhesive have come loose from it. This fail-

ure of the adhesive is c o n t r a d i c t o r y  to the ear l ier  test  of the adhesive  and

is thought to be due to de ter iora t ion  of the adhesive over time. A f t e r  these

tes ts , the pH of the adhesive was changed by adding orthophosphoric  acid

to i t .  In any event , the heavy oxidation of the graphite make it v e r y  d i f f i-  V

cult to measu re  thermal  expansion at hi gh t empera tu res  in air .

A slow-heat ing thermal  expansion test  of graphite was attempted at

Southern R e s e a r c h  Ins t i tu te in a manner  s imilar  to the tungs te n exper iment .

The specimen had ind~~ntat ions  located 0.076 inche s (1.9  mm) apart  or1 the

plat inum- hodi um tabs.  The adhesive had been subjected to onl y the I i r s t

250°F cu re  because  it was  thoug ht desirable  to compare the s t reng th  of the

adhesive a f t e r  the two c u r i ng  pr o c e d u r e s .  The specimen was  heated in the

r a d i o - f r e q u e n cy coil at a rate  of approximately 10°F per second. Temper-

a ture  was r ecorded  b y a ch rome l - cons t ant an  thermocouple mounted on the

bottom of the disk.

The f r i nge  motion t r aces  are show n in Fi gure  30 and , althoug h quite

noisy,  show def in i te  f r i n g e  motion. The signal abruptl y terminated at ap-

proximately seven seconds; the test  was then shut down. Examination of

the specimen showed that one tab had shifted.  The heating had apparently

released some of the water trapped in the adhesive and caused it to change

shape . The specified c u r e  to 1000 F requ i res  heating up quite slowl y- -

taking one hour to reach  the cu re  tempera ture .  This test  show s that the

1000° F cure is essential .  The s train computed from thi s limited amount

of data is shown in Figure  31, but no conclusion as to the a c c u r a c y  of the

technique can be drawn from this; there  simp ly is not enoug h data.

After  the tab shifted , the 8pecimen was no longer usefu l  for  ISG

measurements.  It was then heated to 2420°F at the same slow heating rate .

When the graphite disks were prepared , a precoat of the adhesive had been
applied to the graphite before attaching the tabs. This precoat had been
scraped awa y on this specimen , leaving onl y the adhesive directl y holding
the platinum-rhodium tabs. At high temperatures-  -2000°F and above--the
precoat adhesive that had penetrated the graphite rose to the specimen surface .
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on the f r in g e  motion of one pattern.
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Figure 31. Thermal expansion of graphite disk.
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After  the specimen had cooled , the tabs were still attached , but were eas-

ily dislodged. This phenomenon of the adhesive being drive n out of the

graphite at hig h temperatures preclude s the use of this adhesive to bond

tabs at very  high temperatures.

SECTION VII

I’HERMAL STRESS MEASUREMENTS

The thermal s tress  experiment s were conducted on the disk speci-

mens at Southern Research Institute in Birmingham , Alabama. A Model 85

argon laser was rented from Lexel Corporation of Palo Alto, California.

This laser has a 600 mw output at the 0.5 14 micron wavelength. The beam

splitter , photorrtultiplier tube s , photodetector s, fil ters , etc.,  were pro-

vided by Michigan State University and the power supplies and light beam

oscillograph provided by the Institute . Co~ siderab1e technician and eng i-

neer support w~~s also provided by the Institute during the 2.5 day test

period.

1. Thermal Loading Apparatus

The disk shaped specimens are heated b y a 25 KW radio-frequency

Lepel heater. The r-f coil is sli ghtl y larger than the specimen and heats

the thicker edge of the disk faster than the interior so that the center of the
disk is subjected to radial tension. The specimen is supported in the coil

by three graphite pins from underneath and by three graphite pins from

above to hold it in place. The coil and specimen holder are shown in Fi g-

ure 32 , along with the laser , pyrometer , and duct for the nitrogen flow

across the specimen. The three-pin specimen holder permits easy en-

trance of the laser beam and exit of the fring e pattern.

A larger view of the experimental arrangement is given in Figure

33. The photomultiplier tube s are mounted appr oximately six feet ( l . 8m )

from the specimen. The overhead lights were turned off during setup and
i- -in of the experiment, but a completely dark room is not required.  A typ-

V ical heating cycle for a thermal stress test is shown in Figure 34; this

temperature is recorded by an optical pyr ometer focused on the inner rim

of the disk specimen. The temperature actuall y goes to much higher ~alues
V 

than the 2500 F--ontheorder of3500°Fbefore thegrap hite specimens break.
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2. Experiments on Tungsten

The strain versus  time of the f i r s t  the rmal stress test on tungsten

is presented in Figure 35. When combined with the temperature-t ime data ,

the strain temperature plot of Figure 36 is obtained. Note that the temper-

ature reading doe sn’t become available until 1900°F because of the optical

pyrometer.  A reproduction of the light beam oscillograph record is not in-

cluded because it was too dim to reproduce. However , the fr inge motion

record terminated when the background radiation became so intense that it

swamped the pattern intensity through the wide-band interference f i l ters .

— The fring e motion measurement was not terminated by oxidation in this

rapid test. There are no other measurements or predictions to compare

with this data.
The thermal stress test on tungsten was repeated with the photodi-

ode s set up as well as the photomultiplier tubes to measure  biaxial strain.

The light beam oscillograph traces are shown in Figur e 37. The photodi-.

ode s were recorded photographically on an oscilloscope set at a slow sweep

speed. The photodiodes were much more susceptible to noise than the pho-

tomultip lier tubes. Strain in the two directions versus  temperature are

plotted in Figure 38. Patterns 1 and 2 are from the photomultiplier tubes ,

and patterns 3 and 4 are from the photodiodes. The photodiode s were driven

off scale by the background radiation before the tubes were. The tempe r-

ature for this test was recorded by a thermocouple mounted on the bottom

of the specimen. The curves have a steeper slope than in Figure 36 be-

cause the temperature is measured in the center as opposed to the hotter

edge.

3. Experiments on Graphite

The f i rs t  thermal stress test on grap hite produced onl y very limited

strain data before the tabs separated f rom the specimen because of the rapid

thermal gradient across the specimen. The light beam oscillograph records

are reproduced in Figur e 39; we were unable to eliminate the noise on one

channe l in the time available. One complete fr ing e shift is observed on each

channel before the tabs pop loose at about 0.5 seconds. As the specimen

began to glow, the signals cam e back on the chart. This testproducedthree j
results pertinent to the technique developrnenL. First, the tab attachment

technique does not work. Second, the background radiation from the edge

of the specimen is a problem (with these fi l ters)  even though the temperature
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Figur e 35. Strain versus time for a thermal stress test on tungsten.
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Figure 38. Biaxial strain for a thermal stress test on tungsten.
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at the m e a s ur cm e n t  point is less  than  Z 5 00°F .  Thi rd l y, f rom examination 
V

of the recovered platinum-rhodium tabs, no oxidation of them occurs.

A slower heating rate the rmal  s t ress  test was run  with the heating

rate being approximately 60°F per second . The s t ra in- temperature  re-

co rd is plotted in Figure 40. The signal t races are similar to those in

Figure 39, bu t do not go off scale until the tabs pop loose at a temperature

measured by a thermocouple on the back of the specimen to be 800°F. At

the conclusion of this test, it was observed that the entire circle of adhe-

sive pL-ecoat as we ll as the tabs had come loose from the specimen and

could be removed as a unit.

The two specimens used in these te sts had gage length of 0.098

inches (2.5 mm) and 0.100 (2.5 mm), respectively. The f r inges  were eas-

ily visible , and it was easy to ali gn the slits in a darkened room with the

more powerful  Lexel laser.  Specimens hadbeenprepa redwi th gage lengths

of 0.2 inche s (5. 1mm),  but the f r i n g e s  were  too finely spaced to use.

SECTION VIII

CONCLUSIONS

The objective of this research was to extend the ISG to hi gh temper-
ature  (2500°F) biaxial strain measurement on tungsten and graphite sub-

jected to the rmal shock. That objective was not achieved in the sense that
a full y deve loped procedur e can be passed on to the technical community.
However , the various aspects of the ISG technique were examined , and

solutions to all the problem s except one (bonding tabs to graphite) were
f ound.

The f i r s t  and most positive conclusion is that Pt/ 1O% Rh is a suit-

able material for tab s to which reflective indentations can be applied. One

would have expected a material  of this type with a low oxidation rate to be
suitable. However , the myriad details of making the technique work - -
such as cutting into small tabs , polishing, handling, indentat ions--had to

be proved in the laboratory. Once this is established, the technique has

great potential for other kinds of hig h temperature strain measurement,
provided a suitable method of tab attachment can be found.

The ceramic adhesive used in this research is not suitable in the

58

~ VV . .~~. 
. - V -V -~~ ~~~~~.. .~~~~~~~_.  ~~~~~~~~~~~~~~~~~~~~~~~~~~ —.



—~~ - - ~~- VV-V V
~
_ VVV•?____

~__ _ _t ______, f l~-V -V_ V - V  - - - - ~~~~~~~~~~~~~~~~~~ -V~V~~~ -V~ ~~V_ ~ -V -V~-V V -

(2

(0

8

1’
2 6 . . O Pattern i

0 Pattern 20

(0
4

2 -

2p0 390 490 °C
0 200 400 600 800 °F

Temperature

I
Figure 40. Strain versus temperatur e for a “slow ” thermal stress test on graphite.

_ V  
___________

- —~~~~~~~~~~~
- V_  —-~~~~~ —~~ -V -V-V~~ 

-V
~~~~

V
~~

V
~~ ~~

V-V 
~~

V
~~~~~

-V -V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘- V V_-V
~~~ -V- - V — -

~~~
- ._ 

~~~~~~~~~~~~~~~~~~~~~~



—~ --V - - -V-VV-__r- V.-.- ’-—-V. V-V~ V~~~~~~~~ -VV - V - VV V

hig h thermal gradient  experienced b y a disk- shapt~ specimen of graphite .

If the technique is to be used on grap hite , another m ans of attaching the

tabs must be found . Several ideas have been considere- . but the most at-

tractive is to p ress  small diameter disks (0.020 inche s ( 0 . 5 m m )  by 0.010

inch (0.2 5 mm) thick) into small counterbored holes in the graphite surface .

Although the adhesive may not have been used in the optimum manner be-

cause the pH was not controlled , it is unl ikely  that any ceramic adhesive

would hold its bond under such a sharp thermal gradient. A ceramic ad-
-

- hesive would probabl y be sa t i s fac to ry  for creep or thermal expansion te sts.

:~ The ISG can be used with gage length s up to 0.2 inch (5 mm ) even

when the indentations are on two separate and separately attached tabs.

Larger  gage lengths are prohibited because the f r i n g e s  reduce to roughly

the same size as the laser speckle p~ ttern. A gage length of 0.1 inch (2.5

mm) is very  easy to use , and i twascon c luded to be sat isfactory for graphite .

It is concluded that biaxial strain measurement presents no special

problems other than those expected with the addition of another two chan-

nels of f r inge  motion recording . The “checkered” fring e pattern produced

by a biaxial gage can easily be monitored with a narrow slit.

The ISG can be used for  high temperature/hi gh rate testing of tung-

sten , but is limited b y oxidation. Attachment of platinum-rhodium tabs to

the tungsten specimen would be one way to extend the upper temperature

limit.

It has been shown that the ISG can function in a normal laboratory

environment in the presence of the large r-f field generated by a Lepel

heater. The specimen in the r-f coil is known to move a small amount

when the coil is energ ized , but this was not found to be a problem . It was
V known fr om previous tests at Southern Research Institute that thi s motion

is over within 50 milliseconds after the switch is thrown.

In closing, this research program has extende d the ISG capabilities

in the direction of strain measurement on porous materials in a very hos-

tile environment. It therefore serves as a starting point for subsequent

measurements under similar conditions.
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SECTION IX

RECOMMENDATIONS V

The recommendations are of two kinds: those for using the ISG at

hi gh temperatures and high rate and those for future research.

1. ISG Equipment and Technique s

a. An argon laser should be used. Its wavelength is short compared

to the background radiation, and they are available at high power
levels (200 mw or greater) which produce easily visible patterns.

V b. Narrow band-pass interference f i l ters  should be used. The less

expensive interference filters used on this project are quite sati~-

fac tory  to 2500°F. However , othe r portions of the specimen or

furnace may be at higher temperatures than the gage region. This

glow enters the photomultiplier tubes.

c. Photomultiplier tubes are preferred. They nave a large aperture

and high sensitivity which means they can be covered with a long,

thin slit to give optimum fringe definition.

d. The gage length should be restricted to 0.1 inch (2.5 mm) or less.

e. Recording fringe motion with time is the only choice for high heat-

ing- ra te  tes ts , but f r inge  t racking (in which one f r inge  is followed

by mechanical or electrical means ) should be used for  slow tests.

f. Electrical noise should of course be minimized, but the mechanical

noise generated by vibration of the detectors should not be over-

looked.

g. Techniques of surface preparation of the specimen or tabs , appli-

cation of indentations, alignment of laser , etc., are well-established

for room temperature tests and should be followed.

2. Further  Research
More research is needed only in the area of tab attachment. The

most efficient way to proceed would be to examine this problem alone , i. e.,

subject  the specimens to thermal shoc k without making fringe motion mea-

surements .  In this way, a larger  number of tests can be run.  Anyhow ,

the generation and measurement of f r inges  is not the problem.

It would be prudent to investigate ceramic adhesives under carefull y

controlled adhesive preparation conditions. Purely mechanical means of
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attaching the tabs should also be examined; perhaps a combination of ad-

hesive and mechanical bond would be optimal.
The tab attachment problem is impeding the use  of this technique

at this time.

I
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