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ABSTRACT 

The p o t e n t i a l  for u t i l i z i n g  po lyc rys t a l -  
l i n e  diamond compact (PDC) cut ters  t o  provide 
high performance b i t s  h a s  been recognized by 
t h e  d r i l l i n g  indus t ry .  New b i t  des igns  s u i t -  
a b l e  f o r  geothermal d r i l l i n g  a r e  being devel-  
oped based on t h e  r e s u l t s  of s i n g l e  c u t t e r  
l abo ra to ry  tests and a n a l y t i c a l  analyses .  A 
new bonding technique f o r  a t t a c h i n g  t h e  c u t - ,  
ters t c j  t h e  b i t  body has  been developed. 
B i t s  us ing  t h i s  new technique-have been b u i l t  
and t e s t e d  with promising r e s u l t s .  

INTRODUCTION 

D r i l l i n g  for geothermal resources  is an 
extremely expensive procedure, due i n  p a r t  t o  
t h e  low p e n e t r a t i o n  rates ob ta inab le  w i t h  con 
ven t iona l  d r i l l i n g  b i t s  i n  these  hard forma- 
t i o n s .  B i t s  u t i l i z i n g  PDC cut ters  have t h e  
p o t e n t i a l  for i nc reas ing  pene t r a t ion  rate. 
The Department of Energy, through Sandia 
Labora tor ies ,  is performing r e sea rch  and de- 
velopment d i r e c t e d  toward reducing t h e  cost 
of  d r i l l i n g  and completing geothermal w e l l s .  
Under t h i s  program, Sandia Labora tor ies  con- 
d u c t s  both in-house research  and e x t e r n a l  
research  a t  a nurriber of i n d u s t r i a l  f i rms .  As 
p a r t  of t h i s  program, the .des ign  of b i t s  
u t i l i z i n g  PDC cutters has  rece ived  a t t e n t i o n ,  
both a t  Sandia and a t  t h e  General E l e c t r i c  
Corporate  Research and Development Center .  
These a c t i v i t i e s  have proceeded from s i n g l e  
c u t t e r  tests t o  t h e  design and t e s t i n g  of 
full-scale PDC b i t s .  

Recent ly ,  b i t  des igns  using a f u l l - f a c e  
conf igu ra t ion  of PDC c u t t e r s  have been tested 
i n  t h e  l abora to ry  and under f i e l d  cond i t ions  
i n  a geothermal w e l l .  I n  add i t ion ,  a hybr id  
b i t  design u t i l i z i n g  PDC c u t t e r s  w i t h  a 
convent ional  r o l l e r  cone has  a l s o  been t e s t e d  
wi th  encouraging r e s u l t s  i n  t h e  Panhandle 
Lime formations i n  Texas. 

References and i l l u e t r a t i o n s  a t  end of  paper .  

m t  o f  Enercrv. 

This  paper desc r ibes  t h e  r e s u l t s  of 
s i n g l e  cu t t e r  t e s t s ,  t h e  b i t  des ign  phi loso-  
phy, t h e  bonding process  f o r  a t t a c h i n g  t h e  
c u t t e r s  t o  t h e  b i t  body, and t h e  r e s u l t s  o f  
l abora to ry  and f i e l d  tests o f  t h e s e  new b i t  
designs.  

SINGLE-CUTTER TESTS 

A comprehensive series of c u t t i n g  e x p e r i  
ments u t i l i z i n g  s i n g l e  PDC c u t t e r s  has  been 
performed by Hibbs, e t  a l . '  The PDC c u t t e r s  
were bonded t o  tungs ten  ca rb ide  too l  p o s t s  
f o r  t h e  tests. Resu l t an t  f o r c e s  on t h e  
c u t t e r  w e r e  measured f o r  a range of  r ake  
angles  from - S o  t o  -30'. Marble, g r a n i t e ,  
and sandstone rocks were used. The compres- 
s i v e  s t r e n g t h s  o f  t h e s e  rocks ranged from 
lO,OOO t o  50,000 psi. The r e s u l t s  of t h e s e  
experiments ,  performed under a tmospheric  con- 
d i t i o n s ,  were used t o  des ign  f u l l - s c a l e  b i t s  
and to p r e d i c t  t h e  horsepower requi rements  
and p e n e t r a t i o n  rates f o r  t h e  f u l l - s c a l e  b i t s  
The b i t s  designed by GE w e r e  8-3/4" i n  diam- 
eter and u t i l i z e d  a rake ang le  o f  015O. The 
b i t s  are designed such t h a t  each c u t t e r  
experienced equal  horsepower dur ing  r o t a t i o n  
of t h e  b i t .  These b i t s  were f a b r i c a t e d  and 
t e s t e d  i n  t h e  d r i l l i n g  l abora to ry  a t  Tulsa  
Universi ty .  The r e s u l t s  i n d i c a t e d  t h a t  t h e  
b i t  performance a t  a tmospheric  p r e s s u r e  could  
be p red ic t ed  wi th  a reasonable  degree of 
accuracy us ing  t h e  r e s u l t s  of t h e  s i n g l e  
c u t t e r  experiments. During t h e  t e s t i n g ,  how- 
ever, some c u t t e r s  were lo s t  because o f  a 
f a i l u r e  i n  t h e  bond between the c u t t e r s  and 
t h e  tungs ten  ca rb ide  t o o l  pos t s .  These tests 
i n d i c a t e d  the need to develop a reliable 
at tachment  technique i n  o rde r  t o  p rope r ly  
u t i l i z e  t h e  PDC cutters i n  h igh  performance 
b i t  design.  

The c u t t e r s  on t h e s e  b i t s  were a t t a c h e d  
us ing  a convent ional  lot?-temperature b raz ing  
technique.  Following t h e s e  tests,  General  
E l e c t r i c  i n i t i a t e d  a program t o  improve t h e  
braze and t h e  b raz ing  technique t o  provide  
h igher  shea r  s t r e n g t h s  a t  t h e  e l eva ted  
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THE DESIGN AND USE OF'POLYCRYSTALLINE DIAMOND 
COMPACT DRAG BITS 1 N  THE GEOTHERMAL ENVIRONMENT 

cemperatures which would be encountered i n  
~ e o t h e r m a l  d r i l l i n g .  I n  a p a r a l l e l  program, 
Sandia Labora tor ies  i n i t i a t e d  t h e  development 
If an at tachment  technique,  c a l l e d  d i f f u s i o n  
 ond ding, t h a t  could be used to  a t t a c h  t h e  
:u t t e r s  t o  e i t h e r  tungs ten  ca rb ide  t o o l  p o s t s  
?r to  t h e  b i t  body d i r e c t l y .  This  t echn i  ue 
?as been descr ibed  previous ly  by J e l l i s o n  
snd Huff' and w i l l  be b r i e f l y  summarized la te  
in t h i s  paper .  

Using t h e  d i f f u s i o n  bond, PIX: c u t t e r s  
Donded t o  tungs ten  ca rb ide  t o o l  p o s t s  were 
?repared for use i n  s i n g l e - c u t t e r  tests. 
Phese tests were designed t o  f u l l y  eva lua te  
the e f f e c t  o f  r ake  angle  on t h e  fo rces  on t h e  
Siameter c u t t e r . '  A f u l l y  instrumented cut-  
ter ba r  which would hold t h e  PDC c u t t e r s  
securely a t  d i f f e r e n t  rake  angles ,  and would 
i i e l d  dynamic d a t a  of  t h e  ho r i zon ta l ,  v e r t i -  
z a l ,  and lateral  fo rces  a c t i n g  on t h e  c u t t i n g  
slement dur ing  t h e  c u t t i n g  ope ra t ion  was 
Sesigned and f a b r i c a t e d .  Rock samples 
(approximately 3'x3'x2.5') w e r e  mounted on 
the t a b l e  o f  a King vertical m i l l i n g  machine. 
Phese tes t  rocks were r o t a t e d  a t  su r f ace  
speeds of  120 ft/min a t  t h e  c u t t e r  pos i t i on .  
:uts of va r ious  depths ,  rake  angles  and cross 
Eeeds were made i n  S t .  Cloud Grey Granodyo- 
r i t e  (41,000 p s i  compressive s t r e n g t h )  , White 
S ie r r a  Grani te  ( 2 8 , 0 0 0  p s i ) ,  and Texas Pink 
S ran i t e  (23,000). 
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During t h e  i n i t i a l  tests which were per- 
formed us ing  t h e  c u t t e r s  wi th  t h e  manufacture 
rake angle  o f  -So ,  .z c u t t e r  f a i l e d  and a car-  
bide s t u d  holding t h e  c u t t e r  sheared.  Inves- 
t i g a t i o n s  i n d i c a t e d  t h a t  t h e  f a i l u r e  occurred 
in  s t ages .  The diamond s u r f a c e  f a i l e d  f i r s t ,  
zausing t h e  c u t t i n g  f o r c e s  t o  rise, and t h e  
higher f o r c e s  then  caused t h e  mounting s t u d  
to f a i l .  
the diamond face  w a s  f a i l i n g  ( spa l l i ng l  i n  
shear  due t o  hiqh f o r c e s  tangent  t o  t h e  d ia -  
nond su r face ,  Tests a t  inc reas ing  t h e  nega- 
t t v e  rake  ang le s  Pndlcated t h a t  i n  s t r o n g  
rocks, r ake  ang le s  of less than  - Z O O  could 
r e s u l t  i n  t h i s  t ype  of  f a i l u r e  of  t h e  d ia -  
nond, and t h a t  at negat ive  angles  g r e a t e r  
than 30°, t h e  diamond su r face  and suppor t ing  
carb ide  s u b s t r a t e  were slowly worn away 
r e s u l t i n g  i n  a se l f - sharpening  ac t ion .  
the  s ing le -cu t t e r  tests conducted i n  t h i s  
experiment, t h e  d i f f u s i o n  bond proved t o  be 
Of s u f f i c i e n t  s t r e n g t h  while  t h e  convent iona l  
braze j o i n t  used o f t e n  f a i l e d .  

The r e s u l t s  o f  t h e s e  tests were incor-  
porated i n t o  a f u l l - f a c e  PDC c u t t e r  d r i l l  b i t  
desfgn, and a computer program' was used t o  
de te rmine  t h e  placement o f  t h e  c u t t e r s  t o  
provide for equa l  volume o f  rock remcwed pe r  
c u t t e r  p e r  revolu t ion .  
b i t  des ign  us ing  t h e  technique is  s h o m  i n  
Figure 1. 
ca ted  a t  Sandia. 

ATTACHMENT TECHNIQUE 

Analysis  of t h e  d a t a  ind ica t ed  t h a t  

I n  

A p i c t u r e  of a 4-3/4" 

This  b i t  was designed and f a b r i -  

Before proceeding to  a d i scuss ion  of  b i t  
design and t e s t i n g ,  a d i scuss ion  of t h e  d i f -  
fu s ion  bonding attachment technique i s  
appropr ia te .  I n  t h i s  technique,  t h e  su r faces  
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to  be jo ined  are c leaned ,  and i n  some cases 
meta l l ized ,  and then  p res sed  t o g e t h e r  a t  a 
pressure  o f  approximately 30,000 p s i  a t  
65OOC for fou r  hours .  I n  o r d e r  t o  provide  
f o r  i n t i m a t e  c o n t a c t  between t h e  t w o  s u r f a c e s  
to  be jo ined ,  t h e  p a r t s  a r e  p laced  i n s i d e  a n  
evacuated, c o l l a p s i b l e  can and are surrounded 
by a p res su re  t r a n s f e r  medium, such as graph- 
i t e  granules .  Using t h i s  technique,  s h e a r  
s t r e n g t h s  i n  excess  of  65,000 p s i  i n  t h e  weld 
zone are r o u t i n e l y  obtained.  The s u r f a c e s  to  
be jo ined  are i n  complete con tac t ,  and t h e  
impur i t i e s  on t h e  s u r f a c e  d i f f u s e  i n t o  t h e  
base m a t e r i a l s  a t  t h e  bonding temperature  t o  
allow t h e  s u r f a c e s  t o  fay .  

a t t a c h i n g  tungs ten  ca rb ide  tool p o s t s  to  t h e  
tungs ten  ca rb ide  s u b s t r a t e  upon which t h e  
p o l y c r y s t a l l i n e  diamond compact is grown. 
This procedure invo lves  m e t a l l i z i n g  both sur -  
f a c e s  wi th  a t h i n  l a y e r  (25 urn) of n i cke l .  
I t  w a s  recognized,  however, t h a t  t h e  use  o f  
steel tool p o s t s  r a t h e r  than tungs ten  c a r b i d e  
could r e s u l t  i n  a much lower cost for t h e  b i t <  
It was f u r t h e r  known t h a t  bonding o f  m e t a l -  
l i z e d  PDC t o  steel s t u d s  w a s  f e a s i b l e .  Addi- 
t i o n a l  bonding experiments  were performed t o  
determine whether t h e  m e t a l l i z a t i o n  procedure 
was a c t u a l l y  r equ i r ed  t o  achieve  adequate  
bonding on steel s tuds .  I n  t h e s e  exper iments ,  
var ious  combinations o f  N i ,  1040 Steel, and 
4340 S t e e l  tool p o s t s  w e r e  mated wi th  metal- 
l i z e d  and unmetal l ized PDC's. S t e e l  would be 
expected t o  weld better than  n i c k e l  because 
o f  i ts  a b i l i t y  t o  a s s i m i l a t e  contaminants  and 
t o  reduce s u r f a c e  oxides .  The welds formed 
between steel  and c a r b i d e  were .observed t o  
have s h e a r  s t r e n g t h s  i n  excess  of 65,000 psi  
even when t h e  s u r f a c e s  were unmetal l ized.  
This  f ind ing  r e p r e s e n t s  a s i g n i f i c a n t  break- 
through i n  t h e  bonding o f  S t r a t apax  c u t t e r s  
t o  d r i l l  b i t s .  I t  i n d i c a t e s  t h a t  t h e  p rocess  
of m e t a l l i z i n g  both s u r f a c e s  can be e l imina te (  
while a t  t h e  same t i m e  main ta in ing  adequate  
s t r e n g t h  i n  t h e  bond. There i s  some concern,  
however, t h a t  t h e  thermomechanical p r o p e r t i e s  
of  steel tool p o s t s  could  r e s u l t  i n  r e s i d u a l  
stresses being created dur ing  the  bonding 
process .  The lower modulus of t h e  steel  coulc 
conceivably all.ow s u f f i c i e n t  f l e x i n g  of t h e  
system and cause c racks  t o  form i n  t h e  PDC 
t h u s  weakening t h e  c u t t i n g  s t r u c t u r e .  Analyst 
are underway to  e v a l u a t e  t h i s  s i t u a t i o n .  

The ease  o f  w e l d a b i l i t y  t o  PDC's is only  
one o f  t h e  advantages of  steel ove r  ca rb ide  
as a mounting .material. The c o s t ,  ease of 
f a b r i c a t i o n ,  a v a i l a b i l i t y ,  and lack  of  a 
s t r i n g e n t  f l a t n e s s  requirement  on t h e  bonding 
su r face  a l l  make steel d e s i r a b l e .  Consider- 
a b l e  e f f o r t  must s t i l l  be expended t o  de te r -  
mine i f  s teel  g i v e s  adequate  phys i ca l  suppor t  
t o  PDC's. Hovever, some t e s t i n g  of  b i t s  usin! 
PDC's a t t ached  t o  steel  t o o l  p o s t s  h a s  been 
conducted, and t h e s e  r e s u l t s  are desc r ibed  i n  
t h e  nex t  s e c t i o n .  

Previous has  been d i r e c t e d  a t  

LABORATORY TESTING OF DRILL BITS 

Labmatory  tests o f  b i t s  b u i l t  w i th  d i f -  
fus ion  bonded PDC c u t t e r s  are being conducted I 
The purpose of t h e s e  tests i s  t o  demonstrate  

. I  
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t h e  i n t e g r i t y  of  t h e  bonds and t o  eva lua te  
and develop des ign  c r i t e r i a  f o r  h igh  perform- 
ance d r i l l  b i t s  us ing  PDC c u t t e r s .  To d a t e ,  
tests of  t w o  all-PDC b i t s  (4-3/4 [Figure 11 
and 6-1/2 inches  i n  diameter)  and a 7-7/8 
inch  hybrid roller-cone-PDC b i t  (Figure 2) 
have been conducted. The tests of t h e  6-1/2 
i nch  and hybrid b i t s  were paramet r ic  s t u d i e s  
of bi.t performance as a func t ion  o f  wear. 
The 4-3/4 i nch  b i t  was t e s t e d  i n  a severe  
overstress cond i t ion  t o  determine t h e  u l t i -  
mate stress l e v e l s  t h a t  t h e  c u t t e r s  can with- 
s tand .  

The procedure used i n  the paramet r ic  
tests is t o  d r i l l  i n  Carthage Marble a t  
va r ious  loads  t o  ob ta in  r a t e  of  pene t r a t ion  
(ROP) and torque  da ta .  D r i l l i n g  i s  then con- 
ducted i n  S i e r r a  White Grani te  t o  wear t h e  
c u t t e r s ,  and t h e  paramet r ic  tests are repea te  
i n  t h e  marble. With t h i s  approach, t h e  e f f e c  
of  wear on ROP and torque can be determined. 
The ROP ve r sus  load  f o r  t h e  6-1/2 i nch  and t h  
hybrid b i t s  a r e  shown i n  F igures  3 and 4 .  
The wear f o r  t h e  6-1/2 i nch  b i t  w a s  accom- 
p l i s h e d  by d r i l l i n g  approximately 1 0  feet i n  
g r a n i t e  whi le  t h e  hybrid d r i l l e d  t w o  5- f t  
i n t e r v a l s  wi th  an in te rmedia te  paramet r ic  
test  i n  marble after t h e  f i r s t  i n t e r v a l .  A s  
expected, t h e  load  requi red  t o  maintain a 
given ROP inc reases  wi th  c u t t e r  wear. 

The ROP of t h e  6-1/2 i nch  b i t  v a r i e s  
l i n e a r l y  t o  10 fph and inc reases  quick ly  to  
a h ighe r  ROP f o r  a l l  wear condi t ions .  The 
s l o p e  of  t h e  curve is g r e a t e r  a f t e r  t h e  step 
i n c r e a s e  i n  ROP for all cases .  I n  t h e  f i n a l  
wear condi t ion ,  t h e  rate of  i nc rease  begins  
to  f a l l  o f f  a t  h igher  ROP, probably because 
t h e  wear f l a t s  on t h e  s t u d s  are i n t e r f e r r i n g  
wi th  pene t r a t ion .  

The to rque  requi red  t o  r o t a t e  t h e  6-1/2 
i nch  b i t  i n  va r ious  rocks and wear condi t ions  
i s  shown i n  F igure  5. The important  t h i n g  t o  
observe i s  t h a t  t h e  torque  i s  b a s i c a l l y  a 
func t ion  o f  load  f o r  a l l  wear condi t ions .  
T h e  torque requi red  on 4 runs i n  g r a n i t e  
va r i ed  i n s i g n i f i c a n t l y  even though t h e  wear 
was s i g n i f i c a n t  i n  t h i s  per iod.  The ROP 
va r i ed  from 27 fph f o r  a 10 ,000  l b  load  down 
t o  11 fph  f o r  t h e  same load  a t  t h e  end o f  t h e  
test .  For t h e  hybr id  b i t ,  to rque  v a r i e d  
i n s i g n i f i c a n t l y  f o r  t h e  t h r e e  wear cond i t ions  
i n  Carthage Marble. 

FIELD TESTING OF DRILL BITS 

Laboratory t e s t i n g  of PDC d r i l l  b i t s  has  
proven t o  be an e f f e c t i v e  t o o l  f o r  a s s i s t i n g  
i n  t h e  des ign  of  new b i t s .  
r e s u l t s  of t h e s e  l abora to ry  s t u d i e s ,  a series 
of  f i e l d  tests are being conducted t o  demon- 
strate t h e  v i a b i l i t y  of  t h e  PDC c u t t e r  i n  
severe  environment d r i l l i n g .  These tests 
a r e  being conducted a t  s e v e r a l  l o c a t i o n s  
under va r ious  ope ra t ing  condi t ions .  

Department of Energy, designed an 8-1/2" 
diameter  all-PDC b i t .  The b i t  was f a b r i c a t e d  
by Smith Tool Company and i s  shown i n  
Figure 6. This  b j t  was t e s t e d  i n  a geotherma 

Based on t h e  

. 

General E l e c t r i c ,  under c o n t r a c t  to  t h e  

[UFF, P. YARRINGTON 3 

w e l l  i n  New Mexico i n  November o f  1978. I n  
t h i s  w e l l ,  t h e  bottomhole tempera ture  was 
approximately 25OOC a t  a depth of approxi- 
mately 6,000 f t .  The d r i l l i n g  f l u i d  used 
was.a  m i s t .  A f t e r  vary ing  t h e  weight  on b i t  
through a . w i d e  range of va lues  and ob ta in ing  
no footage  d r i l l e d ,  t h e  b i t  w a s  p u l l e d  and 
examined. Ca ta s t roph ic  f a i l u r e  o f  t h e  
tungs ten  carbide tool p o s t s  which w e r e  
suppor t ing  t h e  PDC c u t t e r s  w a s  evidenced as 
shown i n  F igure  7. Severa l  c u t t e r s  w e r e  
removed from t h e  b i t  and sec t ioned  i n  t h e  
hopes o f  determining t h e  cause  of t h e  catas- 
t r o p h i c  f a i l u r e .  A microscope photograph o f  
a s ec t ioned  c u t t e r  i s  shown i n  F igure  8. A 
crack emanating from t h e  base o f  t h e  c u t t e r  
i n t o  t h e  tungs ten  ca rb ide  tool p o s t  is clear1 
evident .  The cause of t h e  f a i l u r e  of t h e  b i i  
is t h e r e f o r e  a t t r i b u t e d  t o  stress bui ldup  
along t h i s  c rack  which caused t h e  c u t t e r s  t o  
f r a c t u r e  very  e a r l y  i n  t h e  tes t .  Fur the r  
examination has  r evea led  ev idences  o f  b raze  
i n  t h i s  c rack ,  i n d i c a t i n g  t h a t  t h e  damage 
occurred t o  t h e  tool p o s t  b e f o r e  or dur ing  
t h e  b raz ing  ope ra t ion .  The reason  for t h e  
crack o r i g i n a t i o n  is  a t t r i b u t e d  t o  t h e  pockel 
ed  des ign  of t h e  s t u d  used i n  t h i s  appl ica-  
t i o n .  An improved s t u d  des ign  u t i l i z e d  by 
Sandia  i s  shown i n  F igure  9 a long  wi th  a 
p i c t u r e  of t h e  pocketed s tud .  Curren t  t h ink -  
ing  is t h a t  t h e  pocket  i n  t h e  tungs ten  car -  
b ide  tool p o s t  causes  a stress raiser t o  be 
genera ted  a t  t h e  back o f  t h e  pocket .  The nev 
s t u d  des ign  o f f e r s  t h e  p o t e n t i a l  f o r  circum- 
vent ing  t h i s  problem. 

I n  o r d e r  t o  tes t  t h e  d i f f u s l o n  bonding 
technique ,  t h e  hybr id  b i t  shown i n  F igure  2 
was t e s t e d  i n  a gas  w e l l  i n  Wheeler County, 
Texas, i n  May, 1979. The b i t  used steel too: 
pos t s .  The formation d r i l l e d  w a s  Panhandle 
Lime a t  a depth o f  s l i g h t l y  over  1400 f e e t .  
On t h e  p a r t i c u l a r  ho le  i n  which t h e  b i t  w a s  
t e s t e d ,  l o s t  c i r c u l a t i o n  w a s  occur r ing .  The 
b i t  was run i n t o  t h e  ho le  a t  1 4 1 8  f e e t  and 
d r i l l i n g  began wi th  almost t o t a l  l a c k  of 
f l u i d  r e t u r n  and wi th  no r e t u r n  o f  any cu t -  
t i n g s .  

A f t e r  vary ing  t h e  weight  on b i t  and ro- 
t a t i o n  rate t o  f i n d  t h e  opt imal  d r i l l i n g  con- 
d i t i o n s ,  s t eady- s t a t e  cond i t ions  of 20,000 
lbs weight  on b i t  and 50 rpm w e r e  selected 
f o r  t h e  remainder of t h e  run. F l u i d  flow was 
restricted t o  less than  200 gal/min because 
of  t h e  l o s t  c i r c u l a t i o n  problem. 

A rate of  50 f t / h r  was achieved and m a i x  
t a i n e d  a t  t h e  l o w  flow r a t e .  Inc reas ing  t h e  
flow rate t o  350 gal/min inc reased  t h e  pene- 
t r a t i o n  rate t o  above 65 f t / h r ,  b u t  because C 
t h e  inc reased  f l u i d  loss, t h e  f l o w  rate w a s  
reduced t o  t h e  o r i g i n a l  l e v e l .  A to ta l  of 
230 feet was d r i l l e d  when a l l  a v a i l a b l e  f l u i c  
was used. P e n e t r a t i o n  rates achieved  w e r e  
between t w o  and t h r e e  times as high as t h e  
convent iona l  b i t s  normally used i n  t h i s  d r i l -  
l i n g  app l i ca t ion .  

mined t h a t  ha l f  of t h e  c u t t e r s  were seve re ly  
chipped and two c u t t e r s  were completely m i s s -  
i n g  wi th  p a r t  of t h e  PDC s u b s t r a t e  still  

Upon recovery of t h e  b i t  it w a s  de t e r -  
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a t t ached  to  one t o o l  pos t .  
t i nued  t o  d r i l l  w e l l  even wi th  t h e  missing 
cut ters .  Analysis  t o  e s t a b l i s h  t h e  reasons 
f o r  t h e  c u t t e r  damage i s  underway. The bond 
s t r e n g t h  allows f a i r l y  s m a l l  p i eces  of  cu t te r  
t o  be r e t a i n e d  whi le  d r i l l i n g ,  b u t  cont inued 
ch ipping  can r e s u l t  i n  t h e  total  loss of a 
c u t t e r ,  even i f  it is  w e l l  a t tached .  

The b i t  had con- 

An a t tempt  was made t o  fol low t h i s  b i t  
wi th  another  b i t  having tungs ten  ca rb ide  t o o l  
pos t s .  However, problems r e l a t i n g  t o  los t  
c i r c u l a t i o n  te rmina ted  t h e  test before  d r i l l -  
i ng  could be achieved. 

it appears  t h a t  steel  t o o l  p o s t s  have t h e  
p o t e n t i a l  f o r  performing w e l l  i n  b i t s  us$ng 
PDC c u t t e r s ;  however, a d d i t i o n a l  a n a l y s i s  and 
t e s t i n g  is  needed t o  i n s u r e  t h a t  t h e  steel  
adequately suppor ts  t h e  PDC substrate and t h a  
c u t t e r  breakage can be prevented i n  f u t u r e  b i  
designs.  Toward t h i s  end, a d e t a i l e d  a n a l y s i  
o f  stress induced i n  t h e  c u t t e r  has  been 
i n i t i a t e d .  

STRESS ANALYSIS 

Based on t h e  r e s u l t s  of  t h i s  f i e l d  tes t ,  

I n  o rde r  t o  proper ly  des ign  t h e  tool  pos 
used t o  suppor t  PDC cutters, c a l c u l a t i o n s  o f  
t h e  stress induced i n t o  t h e  t o o l  by t h e  t o o l /  
rock i n t e r a c t i o n  a r e  necessary.  A computer 
code c a l l e d  TOODY has  been u t i l i z e d  t o  provid  
t r a n s i e n t  a n a l y s i s  o f  stresses induced i n  t h e  
t o o l .  The c a l c u l a t i o n  u t i l i z e s  a b i a x i a l  t e n  
s i le  f r a c t u r e  model t o  t r e a t  rock f a i l u r e .  
Figure 10 shows how t h e  problem is  modeled. 
The computer model uses  a f i n i t e  d i f f e rence  
technique for computing t h e  stresses i n  t h e  
rock and i n  the  t o o l .  The tool and rock 
models are covered by a g r i d ,  and stress ca l -  
c u l a t i o n s  are performed over  each g r i d  given 
t h e  c u t t i n g  fo rce ,  t h e  t h r u s t  f o r c e ,  and t h e  
c h a r a c t e r i s t i c s  o f  t h e  rock. The modeling of  
t h i s  problem i s  i n  t h e  e a r l y  s t a g e s  of  devel-  
opme'nt and w i l l  even tua l ly  be app l i ed  t o  rock 
of i n t e r e s t  i n  geothermal d r i l l i n g .  However, 
i n  the i n i t i a l  c a l c u l a t i o n ,  rock p r o p e r t i e s  
corresponding t o  sandstone were chosen. The 
p r o p e r t i e s  axe as fol lows:  dens i ty  of 
2 gm/cm', son ic  v e l o c i t y  of approximately 
2 kilometers /ec ,  Poisson ratio of .1, and 
t e n s i l e  s t r e n g t h  of 100 bars .  

F igures  11-13 show t h e  c a l c u l a t e d  devel- 
opment of  damage ( t e n s i l e  f r a c t u r e s )  dur ing  
t h e  f i r s t  70 microseconds of  loading.  A s  t h e  
t o o l  moves i n t o  t h e  rock f ace ,  t e n s i l e  f r ac -  
t u r e s  develop beneath t h e  tool (see Figure 11 
and propagate away from t h e  s u r f a c e  as shown. 
The t o o l  c u t t i n g  fo rce  increased  s t e a d i l y  
dur ing  t h i s  s t a g e  of  t h e  problem as i n d i c a t e d  
by t h e  d o t  dens i ty  p l o t s  (Figures  11-13) on 
t h e  t o o l  s t r u c t u r e .  The dots i n d i c a t e  p o i n t s  
a t  which t h e  stress exceeds 100 bars i n  t h e  
t o o l .  A s  loading cont inues ,  f r a c t u r e s  a r e  
seen t o  develop i n  t h e  rock ahead of  t h e  tool  
(see Figure 1 2 )  and propagate  i n  roughly 
s p i r a l  fash ion  toward t h e  rock su r face  (see 
Figure 1 3 ) .  A t  t h e  same t i m e  t hese  l a t e r a l  
f r a c t u r e s  are developing,  t h e  c a l c u l a t e d  t o o l  
fo rce  shown i n  F igure  1 4  is decreas ing  r ap id1  
This  ca l cu la t ed  t o o l  f o r c e  h i s t o r y  agrees  i n  

i n  a q u a l i t a t i v e  sense  wi th  force h i s t o r i e s  
ob ta ined  i n  actual rock c u t t i n g  experiments  
(see Figure  15 ) .  

d rag  tool rock i n t e r a c t i o n  problem. Future  

t i t a t i v e  agreement between calculated tool  
forces and t h a t  ob ta ined  i n  s i n g l e  c u t t e r  
tests,  21 stress s ta te  i n  t h e  tool and e f f i -  
c iency  of rock removal f o r  va r ious  r ake  
angles ,  depths  o f  c u t s ,  c u t t i n g  speeds  and 
rock types ,  3) modi f ica t ion  of  t h e  problem 
s e t u p  t o  t rea t  e f f e c t s  of  conf in ing  p r e s s u r e  
on t h e  rock s u r f a c e ,  and 4 )  ex t ens ion  o f  t h e  
present .  t e n s i l e  f a i l u r e  model t o  inc lude  
shea r  t ype  f a i l u r e s  i n  t h e  rock. 

a n a l y t i c a l  c a p a b i l i t y  w i l l  p rovide  for  t h e  
de te rmina t ion  o f  stresses induced i n  t h e  too l  
a s  a func t ion  of r ake  ang le  and should  l e a d  
t o  t h e  opt imal  des ign  of  t h e  c u t t i n g  s t r u c -  
t u r e .  

CONCLUSIONS 

.. TOODY h a s  t h e  c a p a b i l i t y  t o  model t h e  

work i n  t 1: is  area w i l l  i n v e s t i g a t e :  1) quan- 

It i s  f e l t  t h a t  t h e  u t i l i z a t i o n  o f  t h i s  

Pre l iminary  r e s u l t s  from labora to ry  t e s t  
i ng  of  p o l y c r y s t a l l i n e  diamond compact d r i l l  
b i t s  i n d i c a t e  a s i g n i f i c a n t  p o t e n t i a l  f o r  
i n c r e a s i n g  p e n e t r a t i o n  rate w i t h  b i t s  o f  t h i s  
type. The main problem a r e a s  which have beer 
i d e n t i f i e d  dur ing  t h i s  t e s t i n g  phase a re :  
1) t h e  at tachment  o f  t h e  c u t t e r s  t o  t h e  tool 
p o s t  or t o  t h e  b i t  body d i r e c t l y ,  and 2 )  t h e  
p o t e n t i a l  f o r  tool  p o s t  breakage i n  f i e l d  
d r i l l i n g  ope ra t ions .  Approaches t o  s o l v i n g  
t h e s e  problems a r e  p r e s e n t l y  be ing  pursued 
and a r e s o l u t i o n  o f  t h e s e  d i f f i c u l t i e s  appeal 
to  be ob ta inab le .  The p o t e n t i a l  f o r  u t i l i z i r  
PDC b i t s  on high-speed downhole motors and i r  
hard rock d r i l l i n g  w i l l  b e ' t h e  focus  of  fu tu r  
development a c t i v i t i e s .  
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Figure 6. Stud-type PDC bit 

'igure 7. Stud-type PDC b i t  after f i e l d  
test 
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Figure 8 .  Microscopic cross s e c t i o n  of 
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Figure 9b. Pocketed s tud des ign 

Figure 10. S t r e s s  i n  tool and rock a t  
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?igure 11. S t r e s s  i n  tool and rock a f t e r  
50 vsec 

'igure 12. Stress i n  too l  and rock hfter 
70  p s e c  

'igure 1 3 .  Stress i n  tool arid rock a f t e r  
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Figure 1 4 .  Calculated c u t t i n g  force h f s t o r y  
for drag tool 
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Figure 15 .  Experimental force-displacement 
curves  for drag c u t t i n g  of rock 
a t  atmospheric condi t ions  


