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t le ibu ' l1  p red ic t ions  o f  s t rength  ra t ios  fo r
br i t t ]  e mater ia ' l  s of  di f ferent vo] umes that are
eva' luated under two di f ferent test condit ions have
the general  form [ l ]

/ \
o r  lU ,  \1 /n
; -  = ¡É |  X  s t ress-d is t r ibu t ion  te rm(STD) ,  ( ,1 )
" 2  t " ]  ,
where V

51¡ = [2(m+l¡\  1ln for the rat io of three-point
bend strength to tensi le strength,

= [4(m+l )2/(n+z)f  l / t  for^ the rat io of four-
point bend strength (quadrant loading) to
tens i le  s t ren th ,

'l ,-= ln/2+1f . ' t " '  for the rat io of three-point bend
strength to four-point bend strength,

with the l le ibul l  modu' lus m providino a measure of
the scatter found within experimentál  strenqth data.

. . .  These-pred ic t ions  have agreed reasonab ly  we, l l
with experiment when graphite specimens of tlre same
volume have been tested under di f ferent stress dis_
tr ibut ions [2] ,  but th-e agreement has not usual ly
been good when di f ferent volumes of oraphite havé
been tested under the same condit ioni  ¡S,+1. The
theoret ica' l  volume tenn has general ly been-found to
considerably overest imate the actua' l -  s ize effect for
la rge-gra ined graph i tes  [2 -6 ] ,  bu t  i t  has  been süq_
gested that the agreement here would improve i f  tést
samp' les were made large in re1 at ion to iheir  grain
s ize  [7 ,8 ] .  There fore ,  i t  i s  o f  in te res t  to  éxamine
size effects on the strength of a g' lassy carbon that
has  an  x - ray  c rys ta l l i te  s ize  o f  less  than ZOn f9 l .
as opposed to values for graphite that are otteñ ió6
t imes as  1arge.

Experimenta' l  Detai  I  s

The mater ia ' l  tested was a cornmercial  glassy car_
bon manufactured by Beckwith Carbon Corporat ion-.
This disc-shaped mater ial  was desiqnateü as lg00
grade,  ind ica t ing  heat  t rea tment  to  lB00oC:  i t  was. l25  

mi ' l s  th ick  and had a  bu ' l k  dens i ty  o t  l . ¡g  g /cm3.
i lhen thin str ips taken from the surfáce were pó. l ished
to a mirror f in ish and viewed in the microscobe under
the  proper  ang le  o f  inc ident ' l i gh t ,  a  g rea t  mány
spherical  pores were observed. l^ lhi le most of t iese
lores were only I  to 5um in diameter,  several  were
l0  to  ' l5um,  and the . la rges t  observed was about  30um.)ores  la rger  than lum v i r tua ' l1y  d isappear  a t  depths
greater  than I  m i ' l s  in to  th is  par t i cu ' la r  mater iá '1 .¡rowever,  as previously observed [ ]0] .  Therefore, a
l0 mi ' l  th ickness was removed from aÍ ' l  outer surfáces
in  o rder  to  ' leave 

on ly  the  remain ing  bu lk  mater ia l ;
:h is  i s  Jus t i f ied  because i t  i s  pos i ib le  to  p roducé
3lassy carbon in the laboratory that does not have
i  porous  sur face  layer  [ l l ] .  D iscs  4  mi ls  th icker
:han the desired thickness of the bend specimens
rere  long i tud ina l l y  s l i ced  f rom th is  bu1k  mater ia l
. i th  a  mechan ica l l y  con t ro l ' led  d iamond sec t ion  whee ' l :
:hese thÍn sect ions were sealed between glass sl ides
:nd then cut into str ips 40 mi ' ls wide wi ih the sec_

t ion ing  whee ' I .  F ina l ]y ,  these s t r ips  were  a t tached
to an arbor and sanded down uniformly by 2 mi ls on
each side to remove the sma]l  edqe chipl  ( .20um)
tha t  a lmost  inev i tab ly  resu l t  dur ing  cu t t ing  o f ' th is
br i t t le  mater ia1 ,  par t i cu la r ly  on  the  ex i t  i i¿e  o t
the cut.  The f inal  po' l ishlng compound was 3um dia-
mond powder, which produced test specimens wl ' th mir-
ro r - l i ke  sur faces .

The f inished specimens were examined under a
microscope to ensure that they were free from serious
chips or scratches, and the surface that appeared
best was selected to be the tension face ln the
three-point bend test. To ensure uniformity before
test ing, the width of each specimen was meaiured in
a toolmaker 's mlcroscope to an accuracy of +!.04 mi ls
at three points,  whlch comesponded rouohly to the
load points during subsequent test ing, ánd-the thick-
ness was measured at about the same points to an ac_
curacy of 40.05 mi ' ls with a sharp-point micrometer.
Then, after test ing, dimensions oi  bach fragment
were measured adjacent to the fracture and averaqed
to  ge t  va lues  fo r  the  fa i led  sec t ion .  Spec imens-
were tested over a span width of 0,2 in.  on a three-
point bend f ixture, which had been desiqned for use
on pyrocarbon str ips removed from qranhite discs
that were coated alonq with nucleai füel  part ic les
t lZ1 .  Spec imens were ' loaded w i th  the  use  o f  a
tab' le-model Instron machine at a crosshead speed
of  0 .0 . l  in . /m in ,  and the  load and de f lec t ion 'were
simultaneously recorded. Fracture stresses were
calcu' lated from expressions [ '13] that take into
account large def lect ions and fr ict ional ef fects
a! the kni fe edges [ ]41; these correct ions were
9i¡¡ni f icant only for the thinnest specimens tested(3  mi ls ) ,  where  the  ca lcu la ted  f rac tu re  s t resses
exceeded those calculated from simple-beam theory
by  as  much as  l0%.

Resu l ts  and,  D jscuss ign

^  . Ih .  tes t  p ' lan  fo r  th is  s tudy  eventua l l y  ca l l s
for three sample thicknesses to be tested uirder
three-point bending at two di f ferent span widths
to invest iqate size effects,  with two of these spec-
imen types also being tested under four-point beird-
ing¡ to invest igate stress-distr ibut ion ei fects.
However,  only inter im results can be reported at
this t ime. Three-po' int  bend test inq for a sinq' l  e
span width has been comp' leted to daie for specimens
wi th  th icknesses  o f  '12  

and 6  mi ls ,  and par t ia l
resu l ts  a re  ava i lab le  fo r  3 -mi1  spec imens.  The
experimenta' l  strength data are p' lot ted in Fig. l ,
and resu' l  ts of  a l , feibul ' l  analysis on these aáta áre
summarized in Tab' le l .  Strength rat ios for the three
different, test vo'l umes are compared to t,leibu'l ' l pre-
d ic t ions  in  Tab le  2 .  I t  i s  observed f rom F iq .  i
that the streng¡th distr ibut ions for the 6qni ' l  and' l  2-mi ' l  .specimens have essent ial  ly the same shape,
as  ver i f ied  by  the  c loseness  o f  the i r  t ^ fe lbu l l  moáu l i
(Tab ' le  l ) ,  bu t  tha t  the  en t i re  d is t r ibu t ion  fo r  the
thinner specimens is shi f ted upward in strenoth by
an averaqe amount that agrees wel ' l  wi th the 4-ksi
di f ference in mean va' lues for the two distr ibut ions.
The l , le ibul l  parameters which best character ize both
o f  these curves  are  g iven by :  m=6.0  andoo=2.9  ks i . in .J /m
where these values have been determined to best f i t
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( in  the  sense o f  max imum 
' l í ke1 ihood es t ' imates)  the  da ta

o f  F iq .  I  w i th  the  th ree . .po in t -bend surv iva ]  p robab i l i t y
S=exp[ -V  (o /on)m7Z (m+1 )2 ] . '

Íhe  par i ia ]  da ta  fo r  the  3-mi l  spec imens (F ig ,  ' l )

were  no t  iu f f i c ien t  fo r  use  in  these d is t r ibu t ion  de ter '
minat ions, but once such parameters were detennined
then the st i ' l ' l  h igher mean strength (Table ' l )  for these
thinnest specimens was useful  for comparison with
t^ leibul ' l  predict ions of the var ious strength rat ios
(Tab' le 2).  I t  is observed from these comparisons
that the l,leibu] 'l vo] ume term gives good agreement
w i th  exper iment  fo r  g lassy  carbon,  as  was prev ious ly
found to be the case for structura' l  composites re-
in fo rced w j th  carbon f ibers  hav ing  sma11 c rys ta1 ' l i te
s izes  [ '15 ] .  F ina l ]y ,  based on  resu ' l t s  o f  th is  s tudy ,
t le ibu '11  theory  was app ' l ied  to  ca ' l cu la te  the  tens i ' le
strength expected for a 

' lcm gauge length of fSum g' lassy
carbon f iber  hav ing  the  same modu ' lus  (E=4x1Oops i )  as
the  bu lk  mater ia l  inves t iga ted ,  and the  compar ison
wi th  exper iment  [ '16 ]  i s  very  good (F ig .  2 ) .

Table 2. t^ lelbu' l l  Predict ions Versus Measu
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Tab le '1 .  Three-Po in t  Bend Data  fo r  G]assv  Carhon
J D e C t n e n  t n t c r . n e s s

l 2 n i l 6  m i l 3  n i l

l lunber Specinens
l lean St renqth  (ks j )
I  S t d a r d  D e v i a t i p n  ( k g i )
T e s t  V o ' l u n e  ( 1 0 - r  i n . i )
l ' lei bul I l ' lodul us (m)
o6 Páramete i  ( l s i .  

' i ¡ .3 / t ' r ¡

L L I

2 7 . 3 6
5 . 3 3
9 . 9 0
6 . 0 0
2  . 9 8

24
3 1  . 8 6
6 . 2 3
Á q R

5 . 9 0
2 . 3 5

o

3 6 . ' 1 2
6 ri¿

2 . 4 0
6 . 4 6
3 . 6 0

Strenqth Rat ios Theory Exoerlment

o ( 3
o t o
o ( 3

m i ' l ) / o ( 6  m i l  )
m i l  ) / o ( 1 2  m i l  )
m j l  ) / o ( ' 1 2  n i l  )

' t . ' l l
' t . 1 4

1 . 2 7

'1 .'t 3
I  . ' t 4
1  . 3 0

Q 12 mi ' l

A  om i l
E :  m' i l

tr
tr

tr

af

F' l  exura' l  Strennth

Tensi ' l  e Strenath
So'l id - r' leasured
Open - Theory
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