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T!EB mCHANICAL BEHAVIOR OF ARTIFICIAL GRAPHITES 
AS PORTRAYED BY UNIAXIAL TESTS 

W .  L .  Greenstreet  
J .  E .  Smith 
G .  T .  Yahr 
R .  S.  Valachovic 

Abstract 

S t r e s s - s t r a i n  behaviors which a r e  representat ive of nuclear- 
grade, or equivalent, graphites a r e  described and discussed. 
Since cycl ic  loading t e s t  r e s u l t s  provide important insight  i n t o  
the  c h a r a c t e r i s t i c s  of graphite behavior, emphasis i s  placed on 
r e s u l t s  of t h i s  type.  Monotonic loading curves a r e  a l s o  consid- 
ered, and both stress versus longi tudinal  s t r a i n  and s t r e s s  
versus l a t e r a l  s t r a i n  curves a r e  given f o r  monotonic and cycl ic  
loading. The new r e s u l t s  given i n  t h i s  report  a r e  combined with 
r e s u l t s  published in  the l i t e r a t u r e  t o  provide a unif ied descrip- 
t i o n  of the observed behavior. 

Keywords: graphite,  mater ia ls  t e s t i n g ,  mechanical prop- 
e r t  i e s  , compress ion, t e n s i l e  propert ies ,  s t  re  sses  , deformation, 
hea t  treatment.  

Introduction 

Many of the  mechanical behavior c h a r a c t e r i s t i c s  of graphite have been 

s tudied.  This i s  espec ia l ly  t rue  of nuclear-grade, or  equivalent,  graph- 

i t e s  as a c l a s s  of materials. These graphites a r e  generally made from 

petroleum-coke and coa l - ta r .  p i tch,  but the  same o v e r a l l  c h a r a c t e r i s t i c s  

a r e  exhibited by graphi tes  made from other binder and f i l l e r  combinations 

as wel l .  It i s  the  purpose of t h i s  report  t o  br ing out some of the  s a l i e n t  

fea tures  of observed mechanical behavior i n  a unif ied fashion. 

Important behavioral  c h a r a c t e r i s t i c s  a re  described i n  t h e  l i t e r a t u r e .  

These have been i d e n t i f i e d  from monotonic and cyc l ic  loading t e s t s ,  but 

there  a r e  c e r t a i n  aspects of cycl ic  loading behavior t h a t  e i t h e r  have not 

been studied or have not been studied i n  d e t a i l .  Therefore, addi t iona l  

invest igat ions were made t o  overcome t h i s  deficiency. 

loading were considered, including ( 1) cycling of specimens, which were 

preloaded i n  compression, between zero and a constant s t r e s s  l e v e l  l e s s  

than the  preload s t r e s s  value, ( 2 )  cycling i n  compression wherein the 

Three types of cyc l ic  
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specimens were only p a r t i a l l y  unloaded, and ( 3 )  cycling a l t e r n a t e l y  i n  

compression and tension.  Studies  of the  f i r s t  two types have not been 

reported previously, and s tudies  of t he  t h i r d  were used t o  experimentally 

examine t h e  v a l i d i t y  of an of ten stated premise regarding reloading be- 

havior .  The r e s u l t s  from these inves t iga t ions  when combined with ava i l -  

able  data provide important background information f o r  cons t i t u t ive  equa- 

t i o n  development. 

Mechanical Behavior 

Despite mater ia l  var ia t ions  from grade t o  grade, from block t o  block 

of a given grade, and from piece t o  piece within a given block, there  a r e  

d e f i n i t e  cha rac t e r i s t i c s  of mechanical behavior associated with a r t i f i c i a l  

graphi te  as a c l a s s  of materials. 

s t r e s s - s t r a i n  data generally show Chat t he re  i s  r o t a t i o n a l  symmetry of t he  

anisotropy i n  an element. That is ,  t h e  material may be c l a s s i f i e d  as 

t ransverse ly  i so t ropic .  

Most graphi tes  a r e  anisotropic ,  and 

The anisotropy i s  a r e s u l t  of t he  preferred or ien ta t ion  of t h e  coke 

p a r t i c l e s  used i n  the  manufacture and t h e  or ien ta t ions  of t he  c r y s t a l l i t e s  

within the  p a r t i c l e s .  Although the  forming method, t h a t  i s ,  molding o r  

extruding, governs the  preferred or ien ta t ions  of the  p a r t i c l e s ,  t h i s  

method i n f l u e k e s  the  character  of t he  anisotropy only i n  terms of a c t u a l  

measures of deformation res i s tance .  Therefore, t he  c h a r a c t e r i s t i c s  t o  be 

discussed a re  independent of f orming method. 

Synopsis of Reported Results* 

It i s  common knowledge that ,  when a graphi te  specimen i s  loaded i n  

simple tension or compression, nonlinear s t r e s s - s t r a i n  behavior i s  exhib- 

i t e d  from e s s e n t i a l l y  zero stress t o  t h e  failure stress. What i s  the  

cha rac t e r i s t i c  of t h i s  nonl inear i ty?  

than t h a t  a t  f a i l u r e  and unloading, one obtains a loading curve, OA, and 

an unloading curve, AB, as shown schematically i n  Fig.  1. Since t h e  

By loading t o  a s t r e s s  l e v e l  l e s s  

*Information summarized here  as wel l  as summaries of other informa- 
l t i o n  on graphi te  are given i n  a survey repor t .  
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unloading curve does not r e t r ace  any p a r t  of t h e  i n i t i a l  loading curve, 

t he  behavior cannot be c l a s s i f i e d  as nonlinear e l a s t i c .  The nonl inear i ty  

must be described i n  some other way. 

It may be seen t h a t  the  behavior exhibi ted i s  reminiscent of time- 

independent e l a s t i c - p l a s t i c  behavior ascr ibed t o  metals.  When the  speci-  

men i s  f u l l y  unloaded, there  i s  a r e s idua l  s t r a i n ,  OB, as f o r  mater ia l s  

t h a t  undergo e l a s t i c  and e s s e n t i a l l y  time-independent p l a s t i c  deformations. 

The unloading curve, AB, i s  a l s o  nonlinear.  On loading t h e  specimen a 

second time, t he  r e su l t i ng  curve i s  again nonlinear and a hys t e re s i s  loop 

i s  formed between the  unloading and reloading curves. Loading beyond the  

s t r e s s  corresponding t o  t h a t  a t  t h e  unloading point ,  A, g ives  a curve 

which becomes asymptotic t o  t h e  curve t h a t  would have ex is ted  had unload- 

ing never occurred.* There a re  no abrupt changes in the  s lopes of any of 

t he  segments of, t he  e n t i r e  curve. 

The t e n s i l e  s t rengths  and the  i n i t i a l  s lopes of t h e  s t r e s s - s t r a i n  

curves ( e l a s t i c  moduli) are general ly  grea te r  i n  the  with-grain d i rec t ion  

than i n  the  across-grain d i r ec t ion .  There are pronounced d i f fe rences  be- 

tween both s t r e s s  and s t r a i n  a t  f r ac tu re  i n  tension and i n  compression. 

Complete s t r e s s - s t r a i n  diagrams f o r  simple tension and compression a r e  

p lo t t ed  together  i n  Fig.  2 ( R e f .  2) t o  i l l u s t r a t e  these d i f fe rences  i n  the  

t e n s i l e  and compressive behavior.  The ma te r i a l  i s  EGCR-type AGOT graph- 

i t e , ?  and the  data are f o r  t he  with-grain ( p a r a l l e l  t o  t h e  extrusion ax is )  

d i r ec t ion .  

1.0 t o  2.076 a r e  found i n  tension and compression, respect ively,  f o r  nuc- 

lear-grade, or equivalent,  graphi tes  . 

- 

Typically, f r ac tu re  s t r a i n s  on t h e  order of 0.1 t o  0.2% and 

Arragon and Berthier3 performed compression t e s t  s tud ie s  on 216 spec- 

imens made from extruded, petroleum-coke, i n d u s t r i a l  g raphi te .  Three types 

of t e s t s  were used: (1) simple compression; (2 )  cyc l i c  t e s t s  ( loading-  

unloading-reloading) i n  which the  cycles were made from increasing s t r e s s  

l e v e l s  spaced a t  equal i n t e rva l s ;  and ( 3 )  cycl ic  tes ts  between zero stress 

‘AThis i s  an of ten s t a t e d  premise which i s  based on many observations.  
A d i r e c t  experimental examination of t h i s  premise w i l l  be discussed l a t e r  
i n  t h i s  r epor t .  

EGCR-type AGOT graphi te  is  a coarse-grained, nuclear-grade, extruded 
graphi te  which w a s  made by Carbon Products Division of Union Carbide Corp. 
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and a f ixed  maximum. The slopes of the  s t r e s s - s t r a i n  curves a t  t h e  o r ig in  

f o r  continued loading ( type  1) were t h e  same order of magnitude as given 

by sonic measurements. 

moduli and the  s lopes a t  zero stress as measured from t e n s i l e  and compres- 

s ive  s t r e s s - s t r a i n  curves f o r  severa l  grades of molded graphi te .  

Seldin4 a l s o  found good comparisons between sonic 

Arragon and Ber th ie r  found t h a t  cyc l i c  compressive t e s t s  of type 2 

cause the  apparent dens i ty  t o  increase.  

formed by loading, unloading, and reloading, increase i n  s i z e  with in -  

creased maximum s t r e s s ,  and the  s lopes of s t r a i g h t  l i n e s  connecting the  

unloading and reloading poin ts  decrease with increased stress. 

of a l i n e  connecting the  two poin ts  of one cycle is  termed the  "paraelas- 

t i c  modulus. ") 

The hys t e re s i s  loops,  which a r e  

(The slope 

A schematic diagram, which depic t s  t h e  e s s e n t i a l  fea tures  of t he  be- 

havior observed from a t e s t  of type 2, i s  shown i n  Fig.  3 .  The envelope 

curve corresponds t o  t h a t  f o r  simple compression. Arragon and Berthier3 

a l s o  discovered t h a t  s t r a i g h t  l i n e s  drawn through the  unloading point  and 

the  point  of zero s t r e s s  f o r  each cycle converge a t  a s ingle  point  as 

shown in  the  figure. The coordinates of t h i s  point  are both negative 

( t ak ing  compression as pos i t i ve ) ,  _ *  and it was reasoned t h a t  t he  exis tence 

of t h i s  point  i s  a manifestation of the  h i s t o r y  of t he  v i rg in  specimen. 

I n  each case, t he  reloading curves asymptotically approach the  enve- 

lope curve a f t e r  each cycle of loading, unloading, and reloading. This 

and the  other  details of t he  behavior, as described above, a r e  general ly  

t y p i c a l  of the graphi tes  being considered. 

studying t h e  r e s u l t s  f o r  extruded graphi te  reported by Losty and Orchard5 

and f o r  molded graphi tes  by S e l d i ~ ~ . ~  

Corroborations can be found by 

I n  t h e  case of t e s t  type 3 ,  'which w a s  used i n  the  study by Arragon 

and Berthier ,3  each specimen was subjected t o  12 cycles.  

cycles,  t h e  t o t a l  deformations a t  t h e  unloading and reloading poin ts  in-  

creased with increased cycle number, bu t ,  a f t e r  t he  s i x t h  cycle,  these 

deformations were e s s e n t i a l l y  constant,  and the  hys t e re s i s  loop w a s  re-  

t raced  on'each subsequent cycle.  The fcrm of the  hys t e re s i s  lcop  remained 

constant throughout t he  cyc l i c  loading as did the  pa rae l a s t i c  modulus. 

There was a s l i g h t  increase i n  apparent dens i ty  during cycl ing.  

During t h e  f i r s t  
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A schematic diagram of t h e  type behavior observed during t h e  f i r s t  

few cycles i s  shown i n  Fig.  4. 
as obtained by the  present study, a r e  given i n  Figs .  5 and 6.  The la t te r  

f igu res  show results obtained from EGCR-type AGOT and from RVD* graphi te ,  

respec t ive ly  . 

Additional i l l u s t r a t i o n s  of t h i s  behavior, 

,The i n i t i a l  slopes of the s t r e s s - s t r a i n  curves, or Young's moduli, 

for  nuclear-grade, or equivalent,  graphi tes  are about t h e  same i n  tension 

and i n  compression. This i s  general ly  true f o r  both the  with-grain direc-  

t i o n  and the  across-grain d i r ec t ion .  However, exceptions may be found'by 

comparing across-grain data f o r  some graphi tes .  Close comparisons of 

t e n s i l e  and compressive curves f o r  a given d i r ec t ion  a l s o  revea l  t h a t  

there  i s  a tendency toward grea te r  deformation res i s tance  i n  Compression 

than i n  tension.  This e spec ia l ly  is  t r u e  f o r  t he  across-grain d i r ec t ion .  

1 

The preceding discussion w a s  l imited t o  stress versus longi tudina l  

s t r a i n  behavior.  S t r e s s  versus l a t e r a l  s t r a i n  curves f o r  these  graphi tes  

have d i f f e r e n t  curvatures i n  tension and compression; t he  diagrams f o r  

tension a re  concave ~ toward the  s t r e s s  ax is ,  while those f o r  compression 

a r e  convex. These observations were first reported by Seldin.4 Schematic 

diagrams of t h e  t e n s i l e  and compressive behaviors a re  shown i n  Fig.  7. 
I n  uniax ia l  compression tests, t h e  t ransverse- to- longi tudinal  s t r a i n  

r a t i o s  a re  e s s e n t i a l l y  independent of s t r e s s ,  y ie ld ing  almost constant 

values.  However, t h e  r a t i o s  i n  tens ion  a re  funct ions of s t r e s s ,  decreasing 

as the  s t r e s s  i s  increased. Figure 8, which shows t h e  s t r a i n  r a t i o s  f o r  

EGCR-type AGOT graphite as funct ions of longi tudina l  s t r a in ,2  provides a 

c l e a r  i l l u s t r a t i o n .  I n  t h i s  f igure ,  the subscr ipt  3 r e f e r s  t o  the  para l -  

l e l ,  or with-grain d i r ec t ion ,  while t he  subscr ip ts  1 and 2 r e f e r  t o  two 

orthogonal ( across-grain) d i rec t ions  i n  t h e  plane of isotropy.  (Trans- 

verse  isotropy i s  assumed.) The first of the  double subscr ip ts  ind ica tes  

t he  d i r ec t ion  of applied s t r e s s  and the  second indica tes  the d i r ec t ion  of 

induced s t r a i n .  The v e r t i c a l  bars  i n  t h e  f igu re  represent  standard devia- 

t ions.  

*RVD i s  an extruded graphi te  manufactured by CarboE Products Division 
of Union Carbide Corp. 
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Fig. 6. Cyclic Stress-Strain Curves for a With-Grain RVD Specimen 
( 5  Cycles). 
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When a specimen is loaded and released, the  t ransverse r e s idua l  

s t r a i n  i s  pos i t ive  regardless  of whether the  load i s  a t e n s i l e  o r  a com- 

pressive one. 

leased i s  increased s ince a l l  l i n e a r  dimensions a r e  increased. 

Thus, t h e  volume of a specimen pul led i n  tension and re-  

Additional Inves t iga t ions  

The inves t iga t ions  reported i n  t h i s  sec t ion  were made using speci-  

mens with the  design shown in  Fig.  9. This p a r t i c u l a r  design w a s  se lec ted  

so  t h a t  t he  specimens could be t e s t e d  i n  e i t h e r  tension or  compression. 

The O.lOO-in.-diam longi tudina l  hole w a s  bored i n  each specimen t o  allow 

f o r  making permeabili ty measurements, and a smooth machine f i n i s h  w a s  

used, without grinding or  pol ishing.  

Each specimen w a s  marked fo r  gage loca t ion  using a HB grade d ra f t ing  
penci l  t o  avoid scratching the  surface and t o  provide ind ica t ions  t h a t  ' 

would not be removed by heat t r e a t i n g  the  specimen a t  3OOO"C ( t o  be d is -  

cussed l a t e r ) .  The latter aspect  i s  important because the specimens were 

hea t  t r e a t e d  and reinstrumented twice i n  some cases, and it w a s  necessary 

t o  mount t he  gages i n  the  same loca t ion  each time. They were instrumented 

on opposite s ides  a t  the  midpoint of t he  gage length with s t r a i n  gages 

or iented i n  the  a x i a l  and circumferent ia l  d i r ec t ions .  Budd Metalfilm, 

type c6-121-~,  s t r a i n  gages with a O.125-in. gage length were used. 

Tensile t e s t s  were performed using s teel  clam-shell f i x t u r e s  a t tached 

t o  the  ends and 0.20-in.-diam, s t a i n l e s s  steel ,  stranded-wire cables for 
t ransmit t ing the  load t o  the  specimen. A specimen, ready f o r  t e s t ,  i s  

shown i n  Fig.  10. The cmpressive t e s t s  were ca r r i ed  out using a subpress 

with a miniature load c e l l  placed i n  the  subpress below the  specimen. By 

placing the load c e l l  a t  t h i s  locat ion,  inaccuracies i n  readings due t o  

plunger f r i c t i o n  were eliminated. The t e s t  setup f o r  compression t e s t i n g  

i s  shown i n  Fig.  11. 

For those cases i n  which t h e  specimens were hea t  t r ea t ed ,  a 100 kw, 

3000 Hertz induction furnace w a s  used f o r  t h i s  purpose. The ins ide  dimen- 

s ions were a diameter of 9 i n .  and a length of 1 4  in . ,  and the  specimens 

were heated i n  Argon a t  atmospheric pressure.  

temperature l e v e l  was 45 minutes. 

The time t o  reach the  3OOO"C 

The furnace was cooled from 3000 t o  
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Fig. 10. Specimen Prepared for Tensile Testing. 





25OOOC i n  approximately 15 minutes, from 2500 t o  20OO0C i n  about 1 hour, 

and from 20OO0C t o  room temperature i n  12 t o  14 hours. 

I n  the f i r s t  s e r i e s  of tests, specimens from EGCR-type AGOT graph- 

i t e  were subjected t o  the  following program of loading. 

was loaded t o  a given stress l e v e l  i n  compression and unloaded. It was 

then cycled t e n  times between zero and a s t r e s s ,  o ‘which was i n  the  

range given by 

Each specimen 

0’ 

1 
2 m  - 0  < o o < o m ,  

where om i s  the  maximum stress l eve l ,  t h a t  i s ,  the  s t r e s s  corresponding 

t o  the first unloading poin t .  I n  each case, the  specimen was subsequently 

loaded t o  f a i l u r e .  

t e s t ed ,  and both l a t e r a l ,  or  t ransverse,  and longi tudinal ,  o r  ax ia l ,  

s t r a i n  versus s t r e s s  diagrams were obtained. Compressive behavior was 

chosen because r e l a t i v e l y  la rge  s t r e s ses  and s t r a i n s  can be induced with-  

out f a i l u r e .  

Two with-grain and two across-grain specimens were 

Figure 12 shows the  r e s u l t s  f o r  the with-grain d i r ec t ion .  Here again 

it may be seen t h a t ,  when t h e  Specimens were loaded t o  failure after 

being cycled, the  s t r e s s - s t r a i n  curves asymptotically approached exten- 

s ions t o  the i n i t i a l  loading curves t h a t  would have been obtained by con- 

t inued loading beyond the  unloading s t r e s s ,  om. 
exhibi ted by the  s t r e s s - s t r a i n  curves do not change i n  s i ze  and coincide 

r a the r  than change posi t ion along the  s t r a i n  ax i s  during the  f irst  f e w  

cycles, as w a s  shown i n  Fig.  4 .  

The hys t e re s i s  loops 

The curves f o r  t he  across-grain specimens a re  shown i n  Fig.  13.  
Except f o r  very s l i g h t  deviations i n  the i n i t i a l  port ions of the first 

f e w  reloading curves, the hys te res i s  loops a re  again retraced on each 

cycle.  

f a i l u r e  may a l s o  be seen. 

Asymptotic approach t o  a monotonic loading curve upon loading t o  

P a r t i a l  unloading cha rac t e r i s t i c s  were examined using a second s e t  

of four  with-grain and four  across-grain EGCR-type AGOT graphite speci- 

mens. 

and unloaded. 

on, unloaded, reloaded t o  on a second time, and unloaded. 

A specimen was loaded i n  compression t o  a given s t r e s s  leve l ,  o m’ 
It w a s  again loaded t o  a higher compressive s t r e s s  l eve l ,  

A companion 
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specimen w a s  then loaded i n  compression t o  (J , p a r t i a l l y  unloaded, re -  m 
loaded t o  the higher compressive s t r e s s  l eve l ,  (J , p a r t i a l l y  unloaded, 

reloaded t o  (J and unloaded. n’ 

n 

The s t r e s s - s t r a i n  diagrams f o r  two companion with-grain specimens 

are shown i n  Fig.  14.  
mens are shown in Fig.  15, and Figs.  16 and 17 show the  r e s u l t s  for s e t s  

of across-grain specimens. 

The diagrams f o r  a second s e t  of with-grain speci-  

The cyc l i c  behaviors of the  f u l l y  unloaded specimens follow the pat-  

t e r n s  described e a r l i e r .  An examination of t he  s t r e s s  versus longi tudinal  

s t r a i n  curves reveals  severa l  fea tures .  The hys te res i s  loops increase i n  

s i z e  and the  pa rae l a s t i c  moduli decrease with increase i n  unloading s t r e s s  

l eve l ,  the  t o t a l  deformations increase upon loading a second time t o  the  

higher compressive s t r e s s  l eve l ,  (J and the  reloading curves became 

asymptatic t o  extensions of the  i n i t i a l  loading curves when t h e  specimens 

a r e  loaded beyond (J . The s t r e s s  versus la teral  s t r a i n  curves a r e  very 

similar i n  character  t o  the  stress versus longi tudinal  s t r a i n  curves. 

n’ 

m 

I n  the  case of p a r t i a l  unloading, hys t e re s i s  loops a r e  again formed, 

and t h e  same general  fea tures  t h a t  were observed fo r  f u l l  unloading may 

be seen. The hys te res i s  loops a re  smaller, but t he  segments of each curve 

a r e  e n t i r e l y  nonlinear.  The asymptotic approach t o  the extension of t h e  

i n i t i a l  loading curve i n  each case corresponds t o  t h a t  f o r  f u l l  unloading. 

Since t h e  d e t a i l s  of t he  asymptotic approach fea ture  are important 

t o  t h e  development of mathematical analogs t o  the  mater ia l  behavior, the  

curves i n  Figs .  14 through 17 were carefu l ly  s tudied t o  provide quanti- 

t a t i v e  data. When a specimen is  loaded t o  a s t r e s s  l e v e l  such as om, 
unloaded e i t h e r  f u l l y  or p a r t i a l l y ,  and reloaded, the  reloading curve 

undergoes an accelerated change i n  slope as the  s t r e s s  approaches the  

s t r e s s ,  (J a t  t h e  point  of unloading. This accelerated change p e r s i s t s  

u n t i l  t h e  reloading curve e s sen t i a l ly  begins t o  t r ace  what would have been 

the  extension t o  the  i n i t i a l  loading curve provided unloading had not 

occurred. The quant i ta t ive  data obtained were t h e  s t r e s s  values a t  the  

ex t remi t ies  of t h e  accelerated change region. The lower l i m i t  i s  denoted 

by (J/ and the  upper l i m i t  i s  re fer red  t o  as d/. 

m’ . 

The values f o r  d and o’/ were obtained by p lo t t i ng  the  r a t i o  of 

longi tudinal  s t r a i n  t o  s t r e s s  as a function of s t r e s s .  The data on e i t h e r  
0 
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s ide  of om are  described by s t r a i g h t  l i n e s  with g rea t ly  d i f f e r e n t  s lopes.  

The t r a n s i t i o n  region then corresponds t o  the  region where accelerated 

change i n  slope of the  s t r e s s - s t r a i n  diagram occurs, and t h e  limits may 

be determined. 

and o// i s  shown i n  Fig.  18. 
A t y p i c a l  example of the  p l o t s  used f o r  determining o/ 

The two stress l eve l s ,  denoted by o/ and o//, and t h e  value of om 
f o r  each stress versus longi tudinal  s t r a i n  curve a r e  l i s t ed  i n  Table 1. 

Also  included are the  values f o r  t he  r a t i o s  of/om and o///om. 

The dots  on the  s t r e s s - s t r a i n  diagrams of F igs .  14  through 17 mark 
t h e  limits of the  t r a n s i t i o n  regions.  It may be seen from the  t a b l e  and 

the  f igu res  t h a t  t he re  i s  consistency between the  values.  

om i s  the  same f o r  a l l  cases .  

t i o s  are the same, and a l l  r a t i o s  f a l l  within the  range from 0.93 t o  0.97. 
The upper extremit ies  of the segments f o r  f u l l  unloading are a t  higher 

s t r e s s  l e v e l s  than those f o r  p a r t i a l  unloading, which shows t h a t  asymp- 

t o t i c  approach i s  achieved sooner i n  the l a t te r  case. 

t h e  d’/om 
1.01 t o  1.03 f o r  p a r t i a l  unloading. 

The value of 

I n  f i v e  of t he  e ight  cases,  t he  of/om ra- 

For f u l l  unloading, 

r a t i o  ranged from 1.04 t o  1.07, while t h i s  r a t i o  ranged from 

The f i n a l  tes t  s e r i e s  reported here in  w a s  used i n  an attempt t o  ex- 

perimentally ver i fy  the  asymptotic approach premise and t o  provide da ta  

Table 1. Data Obtained From Curves f o r  
/ P a r t i a l  Unloading Studies  

1850 
1950 

0.93 
0.97 

1.07 
1.02 

101 
lOla 

WG 
WG 

2000 
2000 

2130 
2040 

2130 
2050 

0-95 
0.95 

1.07 
1.03 

102 
102a 

WG 
WG 

2000 
2000 

1900 
1900 

1850 
1900 

2080 
2020 

1.04 
1.01 

103 
103a 

AG 
AG 

2000 
2000 

0493 
0.95 

104 
104a 

AG 
AG 

2000 
2000 

1900 
1900 

2100 
2025 

0.95 
0.95 

1.05 
1.01 



ORNL DWG. 69-10965 

0 500 I O 0 0  2500 3000 

STRESS ( p s i )  

Fig. 18. Plot for Determination of the Extremities of the Accelerated 
Change in Slope Region for a Ful ly  Unloaded Across-Grain,EGCR-Type AGOT 
Specimen. 



on cyc l ic  behavior under a l t e r n a t e  compressive and t e n s i l e  loadings.  

Studies  on the  v a l i d i t y  of t he  asymptotic approach premise were motivated 

by Seldin 's4 demonstrations t h a t  tes t  specimens can be made t o  reproduce 

t h e i r  o r ig ina l  s t r e s s - s t r a i n  responses i n  the  longi tudina l  and la te ra l  

d i rec t ions  by heat t r e a t i n g  them a t  t h e i r  g raphi t iza t ion  temperatures. 

Provided it i s  general ly  t rue ,  t h i s  i s  a revolutionary discovery i n  graph- 

i t e  t e s t ing ,  espec ia l ly  in  the  p o t e n t i a l  it provides f o r  removing uncer- 

t a i n t i e s  i n  data analyses and in t e rp re t a t ions  t h a t  arise because of t h e  

almost inevi tab le  va r i a t ions  i n  graphi te  proper t ies .  

Pursuant t o  making the  f i n a l  s tud ie s  regarding the cyc l ic  behavior 

of graphi te ,  Se ld in ' s  method f o r  removing deformation h i s to ry  w a s  examined 

using specimens made from ATJ, RVD, and EGCR-type AGOT graphi tes .  The 

maximum p a r t i c l e  s izes  a re  0.006, 0.015, and 0.032 in . ,  respec t ive ly .  

The f i rs t  two a re  molded graphi tes .  Each specimen was subjected t o  t h e  

following sequence of s teps .  

1. 

2 .  

3 .  
4.  

unload. 

5.  
6.  

Heat treat  a t  3000°C f o r  60 minutes. 

Load i n  tension t o  a predetermined s t r e s s  l e v e l  and unload. 

Heat treat  a t  3000°C f o r  60 minutes. 

Load i n  compression t o  a s t r e s s  l e v e l  grea te r  than i n  S tep  2 and 

Heat t r e a t  a t  3OOO"C f o r  60 minutes. 

Load i n  tension t o  the  s t r e s s  l e v e l  of Step 2 and unload. 

The f irst  hea t  treatment was used t o  e s t a b l i s h  the  graphi t iza t ion  tempera- 

t u r e  in  each case.  

S t r e s s - s t r a in  curves f o r  two with-grain specimens of ATJ graphi te  are 

p lo t t ed  i n  F ig .  19, where both the  longi tudina l  and la teral  s t r a i n s  a r e  

shown. The curves f o r  two across-grain ATJ specimens a re  p lo t t ed  i n  Fig. 

20. All s t r e s ses ,  t e n s i l e  and compressive, and t h e  corresponding longi- 

t u d i n a l  s t r a i n s  a r e  p lo t t ed  as pos i t ive  i n  a l l  f igures  depict ing r e s u l t s  

from the  hea t  treatment s tudies ,  and the  t ransverse data are p lo t ted  i n  
an analogous manner. 

men are not the  same; hence, the  d i f fe rences  between la teral  s t r a i n  curves 

a r e  accentuated. Curve No. 1 i s  f o r  the  f i rs t  loading i n  tension,  No. 2 

i s  f o r  the compressive loading, and No. 3 is  f o r  t he  second loading i n  
tens ion .  

Note t h a t  t he  two s t r a i n  sca les  for a given speci-  
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The success of the heat treatment method f o r  removing deformation 

h i s to ry  i s  determined by comparing curves 1 and 3 f o r  each specimen. 

Since the second with-grain specimen f a i l e d  during the  second t e n s i l e  

loading, comparisons a re  more d i f f i c u l t  t o  make f o r  t he  curves shown i n  
t h e  lower p a r t  of Fig.  19. Figures 19 and 20 show t h a t  t h e  h i s to ry  was 

almost e n t i r e l y  removed by heat treatment.  Although there  i s  a small 

decrease i n  deformation res i s tance  between the  f i r s t  and second t e n s i l e  

loading, the agreement between the  curves is  very good. This i s  t r u e  

f o r  both the  with-grain and across-grain d i r ec t ions .  

Some of the behavioral  aspects  which were discussed i n  the  previous 

sec t ion  may be seen from these curves. The deformation res i s tances  are 

e s s e n t i a l l y  the  same i n  tension and i n  compression, with a very s l i g h t  

tendency toward g rea t e r  deformation res i s tance  i n  compression than i n  

tens ion  f o r  the  across-grain d i r ec t ion .  The curvatures of t h e  s t r e s s  

versus l a t e r a l  s t r a i n  curves i n  tension a re  d i f f e ren t  from those i n  com- 

pression, but  t he  i n i t i a l  slopes a re  near ly  equal .  Final ly ,  pos i t ive  

r e s idua l  l a t e r a l  s t r a i n s  a r e  incurred as a r e s u l t  of loading i n  tension.  

The s t r e s s - s t r a i n  curves shown in Figs.  2 1  and 22 a re  f o r  two with- 

grain RVD specimens and one across-grain specimen. 

the  with-grain specimen a r e  i n  good agreement. Again, s l i g h t l y  less 

deformation res i s tance  i s  found f o r  the  second loading i n  tension.  

Curves 1 and 3 f o r  

Although the  d i f fe rences  between curves 1 and 3 a re  grea te r  f o r  the  

across-grain specimen than i n  t h e  above cases, t he  agreement i s  good. 

Greater deformation res i s tance  i n  compression than i n  tension may a l s o  

be seen i n  Fig.  22. 

Results obtained from EGCR-type AGOT specimens a r e  given i n  Figs .  

The curves f o r  the  with-grain specimen again show t h a t  the  23 and 24. 

heat treatment was reasonably e f f ec t ive .  It w a s  l e s s  e f f ec t ive  fo r  t he  

across-grain specimens, however, as may be seen by examining Fig.  24. 

The second across-grain specimen w a s  not loaded t o  the  same stress l e v e l  

i n  tension during the  f i rs t  and t h i r d  loadings, bu t  t h i s  does ngt de t r ac t  

s ign i f i can t ly  from the  comparisons. Again, the  across-grain specimens 

exhib i t  g rea te r  deformation res i s tance  i n  compression than i n  tension.  

The above r e s u l t s  f o r  the  three  graphi tes  show t h a t ,  i n  general, 

hea t  t r e a t i n g  does almost e n t i r e l y  remove the  p r i o r  deformation h i s to ry  
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Specimens. 
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so f a r  as s t r e s s - s t r a i n  response i s  concerned. The grea te r  differences 

between the  f i r s t  and second t e n s i l e  loadings f o r  across-grain RVD and 

AGOT specimens may be associated with opening of microcracks too la rge  t o  

be healed by heat treatment.  This conjecture is the  most p laus ib le  f o r  

the  coarse-grained AGOT mater ia l .  

I n  addi t ion t o  the  inves t iga t ions  j u s t  described, s tud ie s  were made 

t o  examine the  influence of hold time a t  3OOO"C. 

specimens were used, and the hold times were 20, 30, and 40 minutes ( i n  

addi t ion  t o  t h e  60 minutes hold time used i n  obtaining the  r e s u l t s  a l ready 

discussed) .  

hold time was es tab l i shed .  However, it was decided that t h e  longer hold 

time i s  preferred t o  assure grea te r  p o s s i b i l i t y  f o r  reproducible r e s u l t s .  

EGCR-type AGOT graphi te  

The r e s u l t s  were inconclusive because no d e f i n i t e  t rend with 

Returning t o  the  dual purpose series f o r  examining t h e  asymptotic 

approach fea ture  and f o r  obtaining data on cyc l ic  behavior under a l t e r n a t e  

compressive and t e n s i l e  loadings, th ree  (two with-grain and one across-  

grain)  EGCR-type AGOT specimens were tested.  

treatment a t  3000eC f o r  60 minutes, the  f irst  loading f o r  each specimen 

w a s  used t o  e s t a b l i s h  a one-cycle envelope curve. Each w a s  loaded i n  

compression near that required f o r  f a i l u r e ,  unloaded, loaded in  tension 

t o  a given stress leve l ,  again near t h a t  required f o r  f a i l u r e ,  and un- 

loaded. During preliminary t e s t s  it w a s  found t h a t  a specimen w i l l  f a i l  

i n  tension when the  t e n s i l e  s t r a i n ,  as measured from the zero s t r e s s  

point ,  corresponds t o  t h a t  a t  f a i l u r e  f o r  a v i rg in  specimen loaded i n  
tension only, regardless  of the pos i t ion  of t h e  zero s t r e s s  point .  

After  an i n i t i a l  heat 

The envelope curves are shown as short-dashed l i n e s  i n  Figs .  25, 26, 
and 27.  The apparent d i scon t inu i t i e s  i n  the  slopes of the  curves between 

the  t e n s i l e  and compressive port ions were caused by changing f i x t u r e s  t o  

apply loads of d i f f e r e n t  s igns .  

Each specimen w a s  heat  t r e a t e d  a second time under the  same conditions 

as above and r e t e s t ed .  It was loaded i n  compression t o  a given stress 

l eve l ,  unloaded, loaded i n  tension,  unloaded, loaded i n  compression t o  a 

higher stress l e v e l  than the f i r s t ,  and unloaded. The corresponding 

curves a re  shown by the long-dashed l i n e s  i n  the  figures. F ina l ly ,  t he  

heat treatment and loading sequence was repeated using lower compressive 

s t ress  levels. The s o l i d  curves i n  the  figures were obtained i n  t h i s  way. 
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Fig. 25. Multi-Cycle Curves for a Heat-Treated EGCR-Type AGOT Speci- 
men (With-Grain) . 
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Fig. 26. Multi-Cycle Curves for a Heat-Treated EGCR-Type AGOT Speci- 
men ( With-Grain) . 
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Fig. 27. Multi-Cycle Curves for a Heat-Treated EGCR-Type AGOT 
Specimen (Across-Grain). 
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The maximum t e n s i l e  s t r e s s  l e v e l  w a s  e s s e n t i a l l y  constant f o r  a l l l o a d -  

ings on a given specimen. 

I n  a l l  cases, the  s t r e s s  l e v e l  f o r  reloading approaches t h a t  a t  t h e  

unloading point  before a t r a n s i t i o n  i n  slope occurs.  The curvature of a 

stress versus longi tudina l  s t r a i n  curve general ly  changes rap id ly  i n  the  

immediate v i c i n i t y  of t he  unloading point ,  while t he  change fo r  a stress 

versus l a t e r a l  s t r a i n  curve occurs over a much wider stress i n t e r v a l .  

Behavioral d e t a i l s  f o r  t he  stress versus longi tudina l  s t r a i n  curves shown 

as so l id  l i n e s  a re  d i f f i c u l t  t o  de t ec t  because of t he  s m a l l  s ca l e .  I n  

f a c t ,  t he  i n i t i a l  loading and reloading curves were separated i n  the  f i g -  

ures  for  c l a r i t y .  The d i scon t inu i t i e s  i n  slope a t t r i b u t a b l e  t o  changing 

of loading f i x t u r e s  a r e  apparent i n  almost a l l  cases .  

loops and other  aspects  of t he  behavior are i n  accord with t h e  r e s u l t s  

from other cyc l ic  t e s t s .  

The hys t e re s i s  

Consider the  s t r e s s  versus longi tudina l  s t r a i n  curves. The asymp- 

t o t i c  approach feature a t  the  lower stress l e v e l s  i s  shown, but  t he re  i s  

some deviat ion as the  unloading stress l e v e l  i s  increased. However, 

Figs .  25, 26, and 27 show t h a t  the  upper port ions of t he  dashed curves 

l i e  above the  envelope curve in  two cases and below t h i s  curve i n  one 

case.  On the whole, asymptotic approach t o  a n  i n i t i a l  loading curve i s  

demonstrated by these  data. 

Additional support i s  given by the  s t r e s s  versus l a t e r a l  s t r a i n  

curves of Fig.  25, where the  agreement with the  envelope curve i s  excel-  

l e n t .  

27 ind ica te  t h a t  asymptotic approach i s  a t  most c lose ly  approximated. 

Conversely, because the  r e s to ra t ion  of t he  o r i g i n a l  s t r e s s - s t r a i n  response 

by heat t r e a t i n g  w a s  shown t o  be less than per fec t  by t h e  s tud ies  made t o  

exa&ne t h i s  technique, f u l l y  sa t i s f ac to ry  agreement would be d i f f i c u l t  

t o  achieve. 

However, the stress versus la teral  s t r a i n  curves i n  Figs .  26 and 

A s  i n  t h e  cases of the  longi tudina l  s t r a i n  curves f o r  t he  two speci-  

mens which show g rea t e r  d i f fe rences ,  t he  deviat ions from the  envelope 

curves f o r  the  l a t e r a l  s t r a i n s  a r e  i n  one d i r ec t ion .  The two subsequent 

loading curves i n  each case appear t o  def ine an envelope curve although 

it is  d i f f e r e n t  from the  one es tab l i shed  during t h e  f i rs t  loading. 
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A b e t t e r  se lec t ion  f o r  s tud ies  of t h i s  kind would have been ATJ 

graphi te  specimens since hea t  treatment w a s  shown t o  be more e f f ec t ive  

f o r  t h i s  than the  other  two mater ia ls  examined. As demonstrated here, 

discovery of the  heat  treatment method allows f o r  detailed comparisons 

where none could be made formerly. 

C on c l u s  ions 

This report  descr ibes  t h e  s t r e s s - s t r a i n  responses of nuclear-grade, 

o r  equivalent,  graphi tes  under monotonic and cyc l ic  loading conditions.  

Both s t r e s s  versus longi tudina l  and s t r e s s  versus l a t e r a l  s t r a i n  data a re  

considered, and it i s  shown that consis tent  pa t te rns  of behavior a re  

iden t i f i ab le  from the  r e s u l t s .  These include differences in  deformation 

res i s tance  i n  tension and compression and differences i n  s t r a i n - r a t i o  

data f o r  t he  two types of loading. 

When a specimen t h a t  has been preloaded i n  compression i s  cycled i n  

compression between zero and given maximum s t r e s s  leve ls ,  th ree  behav- 

i o r a l  pa t te rns  a re  observed. For the  case i n  which the  maximum s t r e s s  

l eve l s  a r e  cont inual ly  increased and a l l  a r e  grea te r  than the preload 

value on each subsequent cycle, the  hys t e re s i s  loops become l a rge r  and 

the  pa rae l a s t i c  moduli decrease with increasing maximum s t r e s s .  Cycling 

between zero and the  preload s t r e s s  l e v e l  produces hys te res i s  loops t h a t  

do not change with cycle number and the pa rae l a s t i c  moduli remain the 

same. However, the  loops t r a n s l a t e  along the  s t r a i n  a x i s  f o r  t he  f i r s t  

few cycles, a f t e r  which the  loops coincide.  F ina l ly ,  cycling between 

zero and a f ixed maximum value which i s  l e s s  than the preload s t r e s s  pro- 

duces hys te res i s  loops t h a t  are  e s s e n t i a l l y  invar ian t  both i n  s i z e  and 

loca t ion  with cycle number. I n  the  case of a specimen which i s  loaded, 

p a r t i a l l y  unloaded, and reloaded, hys te res i s  loops a re  formed by the 

s t r e s s  versus longi tudina l  s t r a i n  and s t r e s s  versutj lateral  s t r a i n  curves. 

Also, t h e  reloading curves approach what would have been extensions t o  

t h e  i n i t i a l  loading curves more rapidly than for the  case of f u l l  unload- 

ing .  

loading i s  of ten assumed. Here, t h i s  pos tu la te  i s  shown t o  be supported 

by data obtained from t e s t s  designed t o  examine i t s  v a l i d i t y .  

The approach t o  the  extension of a continued loading curve on re- 
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The use of hea t  treatment a t  the  graphi t iza t ion  temperature essen- 

t i a l l y  removes t h e  e f f e c t s  of p r i o r  deformation, so f a r  as s t r e s s - s t r a i n  

response i s  concerned. However, these  hea t  treatments were more success- 

f u l  i n  removing the  p r i o r  deformation h i s t o r i e s  of ATJ and RVD graphi tes  

than of EGCR-type AGOT graphi te .  Careful use of t h i s  technique i s  shown 

t o  be of unique bene f i t  f o r  making comparisons of t h e  s t r e s s - s t r a i n  be- 

haviors of a s ingle  graphite specimen under d i f f e r e n t  loading h i s t o r i e s .  
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