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ABSTRACT

Differential th e rm a l-ex p an s io n  effects in b razed  joints involving 
Type 310 s ta in less  s tee l  and GE-62 brazing alloy were investigated.
The work included dilation and m odu lus-o f-e las tic ity  m easurem en ts  using 
homogeneous cast sp ec im en s  and observations on bimetallic can ti leve rs  
m ade of the two consti tuen ts .  No anomalies w ere  found, although there  
w ere  i r r e g u la r i t ie s  in the expansion of the b raz ing  alloy which were 
a sc r ib e d  to a solubility phenomenon. The e la s t ic  modulus of the brazing  
alloy was determ ined.

r Cantilever deflections  with te m p e ra tu re  and with load were m easu red , 
and the resu lts  were in te rp re te d  using equations which t re a t  the specim ens 
a s  t ru e  bim etals consis ting  of two homogeneous components. The dif
fe ren ce  in th e rm a l-ex p an s io n  coefficients obtained in this way from  the 
tem p e ra tu re -d ef lec t io n  d a ta  was consistent with the dilation m easu rem en ts .  
The load m easu rem en ts  yielded an average e la s t ic  modulus for the bimetal 
which was about tw o -th ird s  of what would have been expected from knowledge 
of the components. This  d iscrepancy  probably a ro se  from porosity  which 
was observed in the b raze  component.
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D1FFER ENTLAL THERMAL-EXPANSION EFFECTS ON BRAZED JOINTS

This work pertains to reactor design in which Type 310 stainless steel fuel 
elements would be braced with GE-6S brazing alloy. Inasmuch as reactors may 
operate at temperatures up to 1BOO F, design engineers have been concerned with 
the magnitude of stresses in the brazed Joints arising from differential thermal ex
pansion of the braze and fuel plates.

In r e g a rd  to this problem, it  was decided that l inear the rm al-  
expansion m easu rem en ts  of the s ep a ra te  mater ia ls ,  a de termina t ion  of the 
elastic modulus of the brazing alloy,  and differentia l-expansion studies 
using s ta in le s s  s tee l  • GE-62-a l loy  bimetal  canti levers  should give 
useful information.  It was recognized that such data might not permit  a c 
curate s t r e s s  calculations in a complex reactor  design,  but that the 
information would be fundamental.

The p rob lem  of s t r e s s  de termina t ions  for a s ta in less  steel  - braze 
joint would be complicated by the p resence  of a diffusion zone between the 
tv/o m a te r i a l s ,  of uncertain depth and composition.  M oreover ,  the ch a rac 
te r is t ics  of th is  diffusion zone could vary with t ime at te m p e ra tu re .  For 
this reason, the l inea r -expans ion-m easur ing  program included different 
mixtures of s ta in le s s  steel and braze  to determine whether anomalies in 
expansion coefficient existed.

The m o s t  important work with bimetal  canti levers  gave data on free  
deflection with tem pera tu re  change. When in te rpre ted a s  if the bimetal 
consisted of two homogeneous components ,  these data would give values

by

H. A. Saile r,  E. M. Baroody, H. W. Deem, J. T. Stacy,
and H. L. Klebanow
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for an effective difference  In the rm al-expansion  coefficient. A com parison 
of this difference with the difference obtained by dilation m easu rem en ts  
could indicate w hether or not the actual sy s tem  approximated an ideal 
bimetal.

In addition, the  load required to r e tu rn  the cantilever to its  original 
position was m e a su re d ,  since this gives a d irec t  m easure  of the bending 
moment assoc ia ted  with the therm al s t r e s s e s .  In principle , th is  m e asu re 
ment could give a  second check concerning the accuracy  of t re a t in g  the 
cantilever as an id ea l  bimetal, since the ra tio  of component th ick n esses  
enters in a  new way. However, th is  point is  not important in p rac tice  if 
the Young' • modulus values of the com ponents a re  nearly  equal and the 
thicknesses not too d ifferen t, as in the p re se n t  work, In fact, the information 
obtained from the load m easurem en ts  h e re  reduces to a  r a th e r  re liab le  
determination of the  average  Young* a modulus for the two com ponents which 
may be compared with values for the m a te r ia ls  in bulk.

EXPERIMENTAL WORK

Dilation M easu rem en ts

Method

Specimens fo r  linear-expansion  m e asu rem en ts  w ere  p re p a red  by arc  
melting the co m m e rc ia l ly  pure m eta ls  under a helium a tm o sp h ere  in a 
water-cooled copper crucib le . To in su re  homogeneity, the a lloys were 
remelted severa l  t im e s .  The resu ltan t b a r s  were machined to cy linders, 
nominally 3/8 In. in d iam eter  and 3 in. in length. Table 1 shows nominal 
analyses of the spec im ens  measured.

L inear-d ila tion  m easu rem en ts  w e re  made in a reco rd ing  dila tom eter 
at p re s su re s  of approxim ately  5 x 10~5 m m  m ercu ry . An au tom atic  tem 
perature control p rovided  a maximum heating  and cooling ra te  of 5-1/2  F 
per min. Each spec im en  was given at l e a s t  two therm al cy c le s ,  each 
cycle consisting of heating and cooling f ro m  approximately 70 to 1800 F.

Results

Figure 1 shows average  l inea r-expans ion  valuea of two th e rm a l  cycles 
plotted as mean values from 68 F to the te m p e ra tu re  shown. In general, the 
heat trea tm ent of m a te r ia ls  high in b raze  increased  the expansion coefficient,
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TABLE 1. NOMINAL ANALYSES OF SPECIMENS USED FOR
THERMAL-LINEAR-EXPANSION MEASUREMENTS

Specimen
GE-62 B raze ,  

wt %
Type 310 Sta in less  

Steel, wt % Condition

AC-1 100 0 As cast

A C - l -A 100 0 As cast

A C - 1-B 100 0 As cast

A C - l - C 100 0 As cas t

H T - i 100 0 Heat t re a ted (a )

AC-2 . 75 25 As cast

HT-2 75 25 Heat treated^*)

AC-3 50 50 As cast

HT-3 50 50 Heat treated^*)

AC-4 25 75 As cast

HT-4 25 75 v Heat trea ted(a)

AC-5 0 100 As cant

HT-5 0 100 Heat t re a ted (a )

(a) Heat treated in vacuum at 1800 F for 24 hr.
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w h c rc a a ,  for m a t e r i a l s  High in s ta in le s s  s t e e l ,  the heat  t r e a tm e n t  reduced  
the expansion coef f icien t .

It will be noted th a t  the expans ion-coe f f ic ien t  c u rv es  for S p ec im en s  
A C -1 ,  A C - l - A ,  A C - l - B ,  and A C - l - C  show i r r e g u l a r i t i e s  n e a r  1300 F.
Th i s  i r r e g u l a r i t y  was  a lm o s t  en t ire ly  in the hea ting par t  of the f i r s t  t h e rm a l  
c y c l e .  This is shown in F ig u r e  2, which p r e s e n t s  the four c u r v e s  (heating 
and cooling of two t h e r m a l  cyc les )  which w e r e  averaged  to give the p lo ts  for  
S pec im ens  AC-1 and A C - l - A  in F igure  1. The  i r r e g u la r i t y  was not 
r e v e r s i b l e  over  the t e m p e r a t u r e  range inves t iga ted .  Inasmuch  as  the 
s p e c im e n s  were in a c a s t  and quenched condi t ion ,  it appeared  that  phase  
p rec ip i ta t ion  during the f i r s t  cycle could account  for the i r r e g u l a r i t i e s  
n e a r  1300 F.

To check this p o s s ib i l i ty ,  a shor t  inve s t iga t ion  was u nder ta ken  
S e v e ra l  GE-62 b r a r i n g - a l l o y  spec im ens  w e r e  solut ion trea ted  at 1900 1 
fo r  5 h r ,  water  quenched ,  and aged for  *> h r  at 700, 900, 11 10, l 300, 1S0O, 
and 1700 F.  The r e s u l t s  of both h a rd n ess  and metal lographic  exam ina t ions  
of the se  s pec im ens  a r e  shown in F igu res  3 and 4. The in c re a s e  in h a r d n e s s  
and the visible p r e c i p i t a t e  over  the t e m p e r a t u r e  range  of i n t e r e s t  would 
tend to subs tan ti a te  th is  explanat ion  for the i r r e g u l a r i t i e s  o b s e rv e d  in 
d i la t ion .

Also,  it  will be noted that  th e re  is c o n s id e r a b l e  spread  in m e a n  
l i n e a r - e x p a n s io n - c o e f f i c i e n t  values for  the four  a s - c a s t  b ra z in g -a l l o y  s p e c i 
m e n s .  The exac t  r e a s o n  for this var ia t ion  is  not  known. C h e m ic a l  a n a ly se s  
of the ends of S pec im ens  A C - l  and A C - l - A  fa i led  to show any s e g re g a t io n .  
F i g u r e  2 shows that an unusua lly  high expans ion  coefficient  was  ob ta ined  
fo r  the  cooling half of the f i r s t  cycle of S p ec im en  A C - l -A  which would 
i n c r e a s e  the ave raged  coeff ic ien t  for this  s p e c im e n .  It would a p p e a r  that 
d im e n s io n a l  changes in the a s - c a s t  braz ing  al loy during the t h e r m a l  cycling 
migh t  have been r e s p o n s i b l e  for the wide r an g e  of di lation va lues .

Modulus of E las t ic i ty  M e a s u r e m e n t s

Knowledge of the  e l a s t i c  moduli  of the component  al loys is of i n t e r e s t  
both for  the in t e r p r e t a t i o n  of the can t i lever  m e a s u r e m e n t s  and for  any use 
of the t h e rm a l - e x p a n s io n  data in the ca lcu la t ion  of the rm a l  s t r e s s e s  in 
r e a c t o r  p a r t s .  The m odu lus  of Type 310 s t a i n l e s s  s teel  at room  t e m p e r a t u r e  
is  given in the l i t e r a t u r e  a s  29 to 30 x 10^ ps i*  and has been d e t e r m i n e d  
dy n a m ic a l ly  to 1800 F**.  The modulus of the o th e r  component ,  G E - 6 2  
b r a z i n g  al loy, was  unknown.

•Z tp ffe . C. A ., sm n le tt 'sa ce b . ASM. 1949. p BO.
••Aodrrwi, C. W., ‘Effect of Temperature on the Modulus of Elasticity", Metal Htogt. , (1). H5-B9. 96,

W , 100 (13M).
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The modulus of the brazing alloy was determined over  the tempera ture  
range 70 to 1700 F  dynamically and, at  room tem pera tu re ,  by the usual 
tensile method. The alloys used for both types of tes t  were  p repared  by 
arc  melting in a water -cooled  copper crucible  under a  pa r t i a l  p r e s s u r e  of 
helium using co m m erc ia l ly  pure nickel ,  electrolytic  ch rom ium ,  and lump 
silicon metal.

Dynamic Modulus

The dynamic modulus of e last ic i ty  in bending versus  t em p e ra tu re  was 
determined on cy l indr ica l  specimens 5 in, long and 1/4 in. in d iameter .
Four specimens w e re  tested ,  two in the a s - c a s t  condition and two after a 
24-hr anneal at 1800 F in vacuum. M easurem ents  were  taken in a  horizontal 
tubular re s i s ta n c e  furnace at t e m p e ra tu re s  up to 1700 F m  an argon a tm os
phere.  Result s  of these  tests indicate that  the heat - t rea ted  spec im ens  had 
a slightly h igher modulus  at the lower tem pe ra tu res  than the a s - c a s t  spec i
mens.  Average dynamic-moduli  va lues  a r e  given in F igure  5.

Tensile Modulus

The modulus  of elastici ty in tension of GE-62 brazing alloy was 
determined at ro o m  tem pera tu re  as a check on dynamic-modulus  values.
The specimen used for this purpose was a 3 x 0. 50 x 0. 100-in.  plate in the 
a s - c a s t  condition.  Measurements  w e re  made using two SR-4  Type A-7 
s tra in  gages, one on each side of the specimen,  A modulus value of about 
26,000,000 psi was obtained in this m anner .  This value c lose ly  checked 
the r o o m - tem p era tu re  modulus obtained dynamically.

Bimetal Cant i levers

F a b r i c a t i o n

Bimetal  can t i leve rs  were p repa red  of Type 310 s ta in le s s  steel  and 
GE- brazing alloy for tempera tu re-def lec t ion  and load-deflection tes ts .
Both the final use  as a simulated joint  and the bri t t leness  of the brazing 
alloy precluded fabrication by so l id-phase  bonding. Melting methods which 
would not r e q u i r e  subsequent surface  machining were invest igated,  but the 
resultan t b im eta ls  were unsatisfactory because of warpage,  surface  defects,  
or an insufficiently thick layer of braz ing alloy. As a r e s u l t  of these 
exper iments ,  it  appeared necessa ry  to cas t  (or braze)  the braz ing  alloy on 
a relatively thick piece of s tainless  s tee l  and grind to suitable dimensions,  
even though the s t r e s s  pattern in the m ate r ia l  might be a l t e red  thereby.
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FIGURE 5. AVERAGE DYNAMIC MODULUS OF ELASTICITY IN BENOING VERSUS TEMPERATURE 
FOR GE -6 2  BRAZING ALLOY
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For this p u rp o se ,  a s ta in less  s te e l  plate with a machined depress ion  of 
uniform depth  was used. O v e r-a l l  d im ensions of the p la te  were 3 x 4. 5 x 
0..150 in. with a depress ion  of 2. S x 2 ,75 x 0. 050 in. About 30 g of 
minus 325-m esh  GE-62 alloy was unitorm ly d is tribu ted  in the 
depress ion  and held for 20 min at 2175 F in a purified hydrogen a tm osphere . 
The plate was only slightly warped afte r  brazing, and the brazing alloy 
flowed well into the depress ion , with the exception of s e v e ra l  isolated a re a s  
near the edge. The specimen was then ground to 0 .040 in. ±0. 001 in. total 
thickness, with b raze  and b a s is -m e ta l  layers  approxim ately  0.020 in. each.

F ig u re  6 shows the c o n s ta n t - s t r e s s  can ti lever as cut from  the bim etal 
stock with the aid of a filing and d ril l in g  jig. The c an ti lev e rs  were 
designed (or constan t s t re ss  over the portion where the tapered  sides would, 
if extended, in te rs e c t  the hole or the point of load application. Blocks 
were clamped on the ends to im m obilize  that section of the cantilever that 
was not uniform ly  s t re sse d  when loaded. Only th ree  of these  cantilevers  
were made, as  it  was decided to te rm in a te  this investigation on the 
completion of testing  the specim ens on hand. For testing  purposes , the 
specimens w ere  numbered from one to th ree ,  but subsequent examination 
of Cantilever 1 showed the components to be too i r r e g u la r  in thickness for 
re liab le  test r e s u l ts .

Mounting future 
extends to here

Position of blocks clomped to 
specimen to immobilize port 
thot is not uniformly stressed -

v

; Loading 
a  point

Holes fit guide pint >n 
supporting blocks

■ Sides .i t  extended, intersect 
at a n s  of loodmg note

i
0 2

Scale: In.

FIGURE 6 BIMETAL CANTILEVER DESIGN

* 7S3S
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Measurements

Measurements  w e re  made of: (1) load v e r s u s  deflection at room  te m 
p e ra tu re ,  (2) t e m p e ra tu re  ve rsus  deflection,  and (3) load to r e t u r n  the 
spec im en  at t em pera tu re  to its original , unloaded position at room  t e m 
p e ra tu re .  The canti lever and a  re fe rence  m e as u r in g  point were  rigidly 
mounted on a s ta in less  s tee l  support and placed in a t e m pe ra tu re -con t ro l led  
muffle furnace,  so that the canti lever would bend toward the re f e r e n c e  
point with an inc rease  of tem pera tu re .  A double Vycor window was installed 
in the furnace door to p e rm i t  viewing the can t i leve r  and re fe ren ce  point 
with a  comparator  te le scope  mounted in front of the furnace.  D ead
weight loading, applied horizontally,  pulled the canti lever away f r o m  the 
re fe ren ce  point.

F igure  7a shows a typical  load-versus-def lec t ion  m e asu re m e n t  at 
ro o m  temperature .  F ig u re  7b shows plots of deflection versus  t e m p e r a t u r e ,  
and F igure  7c shows loads  required  to re tu rn  the can ti levers ,  at t e m p e ra tu re ,  
to the ir  original  unloaded positions at room tem pera tu re .

The fabrication method used on the b imeta l  stock was not conducive 
to making sound or dimensionally  accurate  m a te r i a l .  The u n i f o r m - s t r e s s  
sec t ion  of Cantilever l  was  sectioned into five pieces  and mounted for 
microscopic  examination of t ransverse  su r face s .  Table l  shows the 
re la t ive  thicknesses of GE-6Z brazing alloy and Type 310 s ta in less  
s tee l  in Cantilevers. 2 and 3 for which data a re  p resen ted .  Cant i lever  3 
was not sectioned, m e as u re m e n t s  being taken along both edges.

Large regions of porosi ty  or inclusions w ere  seen in the b raze  mate r ia l  
of Canti lever  l .  Rough microscopic  m e asu re m e n t s  indicated these  ran in 
s ize  up to 0.015-in .  d ia m e te r .  Figure 8 shows one of the best  s ec t ions  of 
Cant ilever l  for component proportion and soundness .  A rad iograph  waa 
taken of Cantilever 3, which presumably was s im i la r  to Canti lever 2 and la 
shown in Figure 9. This is  a positive prin t  of the radiograph negative  and 
shows voids as l ighter a r e a s .

Analysis of Cantilever Measurements

At f i r s t ,  calculations concerning the behavior of the bimetal  can t i levers  
w ere  based on equations which treated them as consis t ing of two homogeneous 
components differing f rom each other in Young's  modulus as well as  in 
th ickness  and expansion coefficient. However,  the modulus values of the 
component mate r ia ls  differ only by about 10 pe r  cent ,  and the ra t io  of thick
n e s s e s  is always le ss  than 1. 5. An examination of the general  equations 
showed that, in such a c a s e ,  no significant e r r o r  is introduced by replacing 
the s epa ra te  modulus values  E l  and by an average  E « 1 / 2  ( K | + E^).
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TABLE 2. RELATIVE THICKNESSES O F  GE-62 BRAZING ALLOY AND TYPE 
\  HO STAINLESS STEEL IN CANTILEVERS 2 AND 3

\  S^ct iom, F r o m  Wide End to Narrow End of Uniform S t r e s s  Section, in.
N 1 2 3 4 5

Cant ilever Braze SS^a ) Braze  SS B nst ss B raze .SS Braze SS

“Edge 0.0197 0.0210 0.0206 0.0201 0. 0221 0.0190 0.0223 0.0190 0.0181 0.0230

a • * •
• • 2- Center 0.0198 0.0213 0. 0209 0.0201 0. 0218 0.0193 0.0215 0.0194 0.0180 0. 0236

e • Edge 0.0198 0.0212 0.0201 0.0197 0 .0222 0.0193 0.0211 0.0201 0.0186 0.0229

3-
Edge 0.0186 0 .0 .3 0 Not measured 0. 0197 0.0237 Not m easured 0.0167 0.0254

, . ,S J
Edge 0.0199 0.0223 0. 0198 0.0222 0.0196 0.0217

(a) Type 310 ttalnlcu itecl.
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SOX M arble' • Reagent Etch NJ912

FIGURE 8. SECTION OF CANTILEVER 2 SHOWING GE- 62 BRAZING 
ALLOY AT TOP AND TYPE 310 STAINLESS STEEL BELOW

Cantilever wae braced at 2200 F for 20 min.

FIGURE 9. RADIOGRAPH OF CANTILEVER 3 

Light areas show porosity.

A t 0/8
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The m uch s im p le r  equa tions thus obta ined g ive  re s u lts  w h ich  a re  c o r r e c t  to 
about 1 per cent and a re  the on ly ones a c tu a lly  quoted in  th is  re p o r t .

As shown in  F ig u re  6, the c a n tile v e r d es ign  p ro v ide s  a b locked  
s e c tio n  o f length  L* w h ich  does not cu rve  w ith  load  o r  w ith  te m p e ra tu re  
change and a se c tion  o f le n g th  L  w h ich  a c q u ire s  a u n ifo rm  c u rv a tu re  under 
load  as w e ll as w ith  te m p e ra tu re  change. T h is  u n ifo rm  c u rv a tu re  unde r 
load is  achieved by hav ing  the w id th  w v a ry  in  p ro p o rt io n  w ith  the d is ta n ce  
4  to  the po in t o f a p p lic a tio n  o f the load F ,  w h ile  keeping the th ic k n e s s e s  of 
com ponents re a so n a b ly  c o n s ta n t. The in te rp re ta t io n  of the m e a su re m e n ts  
m ay then be based upon th re e  equations. The f i r s t  two g ive the c u rv a tu re s  
re s u lt in g  f ro m  the a p p lic a tio n  o f load o r fro m  te m p e ra tu re  change:

1 6 f (1 -  f)  (a, -  Q j) (t -  tp) . (2)
R = h

In these e xp ress io n s , R is  a ra d iu s  o f c u rv a tu re , h is the to ta l th ic k n e s s  of 
the b im e ta l,  f  is  the f ra c t io n a l th ickness  of one com ponent, and -  a j  ) is 
the d iffe re n c e  in  ave rage  lin e a r  expansion c o e ff ic ie n ts  fo r  the te m p e ra tu re  
range  f ro m  tQ to  t .  The p ro du c t f ( l  - f) has the  value 0. £5 when the c o m 
ponents have equal th ic k n e s s e s . I t  dec reases  s lo w ly  fo r  m odera te  
d e p a rtu re s  fro m  e q u a lity ,  and the m easured th ickn e sse s  lis te d  in  T a b le  2 
in d ic a te  tha t 0 .25  m ay be used fo r  both c a n t ile v e rs .

The th ird  equation  re la te s  the d e fle c tio n  D to  c u rv a tu re . F o r  the 
s m a ll d e fle c tio n s  w h ich  a re  o f in te re s t;

-  • h H ■ HI

The c a n tile v e r d im e n s io n s  to  be used in  these equations a re ;

L  » 0. 77 in . , l '  ■ 1. 365 in . , j  « 0. 071 ,

h *  0.041 in . (C a n t ile v e r  2) and ■ 0 .042  in . (C a n tile v e r 3)

F re e  D e fle c tio n  W ith  T e m p e ra tu re , On co m b in in g  E quations (2) and 
(3) and using  the n u m e r ic a l va lues ju s t g ive n , the  d e fle c tio n  In inches o f 
C a n tile v e r 2 is  re p re s e n te d  as:

D *  49 -  5 , )  (I -  t „ )  . (4)



F o r  Canti lever  J, the n u m er ica l  coefficient is 48. F rom  Equation (4), 
d i f ferences  of expansion coefficient for compar ison  with dilation m e a s u r e 
m en ts  may be computed. F r o m  the appropria te  curves in F igure  7b, it is 
apparent that a  t e m p e ra tu re  r i s e  of 400 C (750 F)  from room tem pera tu re  
r e s u l t s  in deflections of 0. 06 in., and 0. 05 in. for Cant ilevers l  and 3, 
respec t ive ly .  The corresponding  values of (a^ -  a j )  a re  1.7 x 10“ * per  F 
a rd  1 ,4  x 10~* per  F.  The direction of deflection implied a higher 
expansion for s ta in less ,  so  subscrip t  2 r e f e r s  to this materia l .  These  
r e s u l t s  a r e  consis tent with the detailed dilation m easurem ents  and do not 
indica te  any large effect  of Interdiffusion. As shown in Figure 1, the 
av e rag e  expansion coeffic ients  from room te m p e ra tu re  ».o 800 F a r e  ap 
prox im ate ly  10 x 10~* pe r  F for 100 per cent s ta in less  and 8 x 10’ * per F 
for 100 per cent b rase .

Deflection Under Load. On combining Equations (1) and (3) and 
solving for the average modulus ,  one obtains:

E ■ 6L (2L ♦ LI / t )  JF 
h 3 \ w /  D

Using the dimensions in inches of Canti lever 2, Equation (5) gives: E ■ 3. 3 x 
10* j y  and for Cantilever 3, the numerical  coefficient is 3. 1 x 10* pe r  in.

The coefficient d e c rea se s  slightly with ris ing tem pera tu re ,  but th is  effect 
Amounts to less  than 1 pe r  cent and may be ignored.

Examination of the cu rves  for deflection with tempera ture  and load 
re q u i re d  to re turn to ee ro  position shows that load divided by deflection is 
e ssen t ia l ly  constant for a given canti lever,  being practically independent of 
te m p e ra tu re .  The values a r e  4 .8  lb per in. and 5. 5 lb per in. for 
Cant i levers  l  and 3, respec t ive ly .  The corresponding moduli a re  16 x 10* 
psi and 1 7 x 1 0 *  psi.  These  a re  only about 60 pe r  cent of the value (28 x 10* 
psi) which would have been expected from m easu rem en ts  on bulk sam ples  
of the components.  A m a jo r  reason  for the d iscrepancy  is probably the 
marked  porosity found in the braste components of the canti levers*.  This

*!f thl* U actually the ctwtect tea»on. the moduli of the component* a it not neatly equal, at ha* been auumed. 
The modului determined by Equation (5) would then \r

. w vjv
**1! Fjh| 4 Eghg

l ot •  kg and Eg/E |  •* . this differ* ftom the arithmetic mean by about 10 pet cent.
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points out a possib le  source of uncer ta in ty  if s t r e s s e s  near  an interface  are  
inferred from the expansion coefficients and elastic moduli  of bulk mater ia ls .

The load-deflection curve for Cant i lever  3 at room tem p era tu re  has a 
slope of 6. 2 lb per  in, corresponding to E ■ 19 x 10^ psi . Since the 
observations_at var ious  tem pera tu res  had not revealed any appreciable  
decrease  of E with ris ing tem p e ra tu re ,  it  is a little su rp r i s in g  that this 
room - tem pera tu re  modulus does not ag ree  better with the 17 x 10^ psi 
obtained above. However, the com par ison  between canti lever modulus and 
the moduli of the bulk m ater ia ls  r e m a in s  much the same.

\
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