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l .  Int roduct ion

From ear l ier  studies on boron_doping,  i t  is
wel l -known that  boron can have a s igni f icant  ef fect
on the physical  prop-ert ies of  graphi te.  For example,
Soule and Nezbeda I I ]  showed that  the dynamic Uasát_
shear modulr"  C¿¿ increases at  room temperature f rom
O.45 CN/mz to 415 ct /mz as the boron level  in
natural  s ingle crystals increases f rom 7 to 15oO
ppn. This lO-fo ld increase was at t r j_buted to d is_
location pinning by boron atoms. !,¡aqner and
Dickinson [2J invest igated the inf luánce of  boron
on physical  propert ies such as interplanar spacing,
electr ical  resist iv i ty ,  thermal  conduct iv i tv  and
dynamic Young's modulus for  polycrystal l ine
graphi te.  Al l  showed important  changes for  boron
concentrat ions up to O.8 wt t ,  but  the room_tempera_
ture modulus only-showed a l9t  increase f rom
L6 .4  cN /nz  t o  I 9 . 5  GN/m2 ;  t h i s ,  aga in ,  was
att r ibuted to d is locat ion pinning.  The boron in the
polycrystal l ine case was added to the green mix
dur ing the manufactur ihg process.  fn the l ight  of
their  o$rn and ear. l_ ier  evidence,  lVagner and Dickinson
concluded that  up to about 0.16 wt t ,  boron encers
the graphi te l -at t ice subst i tut ional ly ,  and between
th i s  l eve l  and  O .8  w t  t ,  some  occup ies  i n t e r s t i t i a l
s i tes but  wi thout  carbide format ion.

The aim of  the present work is  to invest igate
the ef fect  of  boron addi t ion on mechanical
propert ies such as the dynamic modulus and the form
of the stress-stra in curve of  an isotropic,  poJ-y_
crystal l ine graphi te.  This note présencs pre-
l iminary resul- ts  on the room-temperature propert les.

2.  Mater ia l  and doping procedure

The mater ia l  used ! , ras a Gi lso carbon, nuclear_
grade graphite supplied by the UKAEA, Springfields
Labo ra to r y .  The  dens i t y  was  l . 75  gms /cc .
Specimens for  compression test ing r^¡ere machined in
the form of  cy l inders 10 mm long and 4 mm diameter,
and specimens for the dynarnic modulus determination
were 20 mm long and 4 mm dia¡neter. The compression
tests hrere carr ied out  on an Instron machine at  a
cross-head speed of  O.2 mm/min.  They inctuded tests
to f racture and load-unload tests to measure
hysteresis loss below the f racture stress.  The
dynamic modulus was measured by the resonance
technique.

Boron r^ras diffused into the speci-oens by
heating them in the presence of boron powder in an
argon atmosphere at 29OOoC for one hour. The boron
content  of  some specimens was subsequent ly determined
by chenical  analysis at  Spr ingf ie lds.  A good
indicat ion of  the presence of  boron in the graphi te
lat t ice is  the ef fect  i t  has on the thermal
conduct iv i ty  l2 l -  The var j -at ion of  the conduct iv i ty
wi th boron concentrat ion in the mater ia l  used here
is shov/n in Fig. I .  The change is qui te consj_stent

wi th that  reported by Wagner and Dickinson [2]  and
is evidence of  the success of  the di f fus ion technique
emploved.

In order to ensure that  any changes in propert ies
due to fur ther graphi t izat ion of  the specimens at
29OOoC would not  inf . Iuence conclusions on the ef fects
of  boron,  a group of  rcontro l r  specimens were given
the sane heat t reatment in the absence of  boron,
and changes in propert ies can therefore be measured
relat ive to these specimens.  The ef fect  of  heat
t reatment on the thermal  conduct iv i ty  was negl ig ib le,
as  i nd i caLed  by  t he  f i l l ed  c i r c l e  i n  F i g .1 .

? Resu l t s

The dynamic young's modul_us of  a l l_ specimens was
measured before (E^) and af ter  (E) the heat  t reatment
and addition of boion, and the change (E-E ) produced
is shown as a funct ion of  boron concentrat9on in Fig.2.
Each data point  is  themean of  e ight  values,  and the
bars indicate the standard deviat ion.  The mean values
for  the contro l  specirnens before and af ter  heat  t reat-
ment were 10. l -9 and 9.23 Ct: l /m2 respect ively.

The ef fect  of  boron on the stat ic  modulus
measured in the compression tests is  shown in Fig.3.
Six specimens \^rere tested at  each boron level ,  but
the scatter in the data j_s much larger than for the
dynamic case since the modulus was not measured
before the di f fus ion t reatment.  Nevertheless,  the
trends c lear ly fo l low those observed in Fig.2.  The
var iat ions of  f racture stress and stra in to f racture
with boron concentrat ion are shown in Fig.4.  I t  can
be seen that  the t rends in these data are s imi lar  to
that  of  the modulus.  No systemat ic change rn
hysteret ic  energy loss at  a g iven ampl i tude wi th
boron l -evel  was observed.

4 .  D i scuss i - on

Perhaps the most surpr is ing feature of  the data
given in the preceding sect ion is  that  the changes
in the mechanical  propert ies are so snal l .  por
example,  the changes in the dynamic modulus E,  which
are similar to those reported by Wagner and
Dickinson [ZJ,  are two orders of  magni tude smal ler  in
percentage terms than those produced in the s ingle-
crystal  mod.ulus Cr r .  The lat ter  are very much in
I ine rv i th those féünd by Seldin and Nezbeda [ : ]  in
s ingle-crystal  and pyrolyt ic  samples af ter  neutron
ir radiat ion.  Since the changes in Cr l  are almost
certa in ly due to d is locat ion pinninql- the snal l
changes reported here could be considered to throw
doubt on the ro le d is locat ions play in determining
the el -ast ic  and y ie ld ing mechanisns of  polycrystal l -
ine graphi te.  However,  i t  is  more I ikely that  the
fact that E does change by approximately IO* is an
ind i ca t i on  o f  t he  con t r i bu t i o t  Cnn ,  and  hence  d i s -
locat ions,  make to the polycrystáI l ine propert ies.
For exampJ-e,  i t  is  wel l -known (see [a l  for  review)
that  the elast ic  propert ies of  a polycrystal  fa l l
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betv, /een the two extremes of  the uni form-stra in model

of  Voigt  and the uni form-stress model  of  Reuss.

I f  i t  is  assumed that  C¿¿ is the only s ingle-

crystal  constant  s igni f i iant l -y af fected by

addi t ion of  boron,  then a lO-fo ld increase in CaA

would make an insigni f icant  change to the Voigt ' -

modulus and an almost  lO-fo ld change to th€ Reuss

modulus.  The present resul ts suggest  that  the

true modulus is  more heavi ly  weighted to the Reuss

form thárr  j -s ,  say,  the ar i thmet ic méan of  the two

extremes.

The assumpt ion that  Coo ís the only constant

changed by boron dopíng has 
-not  

yet  been tested by

exper iment.  I t  is  the only constant  changed

signj- f icant ly  by neutron i r radiat ion [3] ,  and we

are current ly  repeat ing the mechanical  property

measurenents on neutron- i r radiated specimens.  The

resul ts of  th is invest igat ion and fur ther analysis

and work on the boron doping will be reported at a

later  date.
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