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ABSTRACT 

Conventional dri 11 bit steels exhibit increased wear and decreased 

toughness when r u n  a t  elevated temperatures i n  geothermal wells. Bits 

are therefore r u n  a t  lower speeds and lighter loads, resulting i n  lower 

penetration rates for geothermal wells t h a n  for  conventional rock drilling. 

a 

s, 
Carpenter EX-00053, Timken CBS 600, Timken CBS lOOOM and Vasco X-2M, 

steels with improved hot  hardness (improved wear resistance) , were tested 

in conjunction w i t h  the steels used for cones ( A I S I  4820 and 9315) and 

lugs ( A I S I  8620 and 9315) in conventional roller cone rock bits. 

rod fracture toughness measurements were made on each of these steels 

between room temperature and 400OC. 

mined a t  300°C for  high-temperature steels and a t  room temperature for 

conventional steels. 

tured short-rod specimens were correlated with observed crack behavior 

from the test  records. Test results are discussed, 'recommendations made 

Short-  

Fatigue crack resistance was deter- 

Scanning electron microscopy analyses o f  the frac- 

for further testing and preliminary 

geothermal bits. 

steel selections made for improved 
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INTRODUCTION 

Current Geothermal Drilling Practice and Experience 

Geothermal drilling i s  done almost exclusively with rolling cutter 

bits , 3-poi n t  s t a b i  1 i zers , and other conventional d r i  1 1 i ng equipment 

developed for oil and gas recovery, and for m i n i n g  applications. Un- 

\ 

fortunately these components have no t  been optimized for higher tempera- 

ture operation, and deliver only about  one-fifth of their normal l i fe  
1 (footage) when used i n  some geothermal applications . Performance i n  

geothermal wells i s  further reduced since lighter bit loads must be used 

t o  prevent cataclysmic b i t  failures, and t o  avoid unwanted deviations 

caused by worn stabilizers. The resulting lower penetration rate (one- 

t h i r d  t o  one-half of normal in many cases) i s  of much greater economic 

importance t h a n  the cost of the bit due t o  the high daily cost of the 

dril l  rig. 

times the cost of the conventional b i t  . The time lost in "tripping" t o  

replace the b i t  and stabilizers incurs h i g h  rig costs which exceed the cost 

of the replaceables by two t o  four times. The overall cost per foo t  can 

be reduced by 25 percent o r  more by the development o f  bits and stabilizers 

hav ing  service lives which are equivalent t o  those of conventional bits 

and stabilizers in nongeothermal use. 

A b i t  capable o f  doubling the penetration rate i s  worth eight 
2 

The most severe geothermal drilling environments are those involving 

air  drilling i n t o  hot ,  hard,  abrasive formations. Additional factors such 

as swelling, inclined bedding, and fractures can further slow the drilling 

process. Air d r i  11 i ng s necessary in highly fractured, subhydrostatic 

1 
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reservoirs t o  avoid "lost circulation", and t o  avoid permanent quenching 

of steam vents. The a i r  provides very l i t t l e  cooling of the b i t  and 

stabilizers because (a )  i t  has usually been heated t o  the formation 

temperature by the time i t  arrives a t  the bottom, and ( b )  i t s  specific 

heat i s  much lower t h a n  t h a t  of mud o r  water. 

areas of the bearings t o  temperatures f a r  i n  excess of the formation 

temperature. 

embrittlement) are generally insignificant i n  air-drilled geothermal wells. 

The drill b i t  i s  only exposed t o  steam as i t  passes th rough  a steam entry 

p o i n t ,  or  when t r i p p i n g ,  since the drilling a i r  provides a constant purg ing  

action. The H2S embrittlement problem usually decreases with increased 

temperature, evidenced by the fact t h a t  bri t t le failure of d r i l l  bits a t  
3 the Geysers has been alniost non-existent . 

Friction can heat localized 

Surface corrosion and stress corrosion cracking (hydrogen 

Previous Terra Tek/DOE Geothermal Dri 11 B i t  Program Results 

New steels and tungsten carbides for geothermal roller cone bits were 

evaluated by a combination of full-scale laboratory d r i l l i n g  tests under 

simulated geothermal conditions, field geothermal drilling, and material 

properties tests . Three generations of bits were built and tested; the 

third-generation bits concluded successful field tests a t  the Geysers in 

September, 1978. These prototypes exhibited an improvement of 40 percent 

in bit l ife.  

higher b i t  weights, which would have demonstrated the full potential of 

the new bits. 

3 

The lack of  suitable stabilizers precluded evaluation of 

The Drilling Research Laboratory, shown in Figure 1, was utilized for 

evaluation of all three generations of bits. The f i r s t  two generations 

r 

2 



TABLE 1 

LOAD, P W N D S  

RUN-TIME, MINUTES 

blear Measurements 'for Conventional and MK-I1 Experimental Bits 
Tested a t  316OC i n  Geothermal We1 lbore Simulator 

b MK-I1 BIT HK-I1 BIT 
BIT "A"" "GH "H" 

20,000 25,000 20,m 

150-1803 120 100 

CONVENTIONAL 

0.012 
0.030 
0.044 
0.060 

LUG WEAR' 
Friction P i n  
Ball Race 
Roller Race, IN* 
Roller Race, OUT2 

Friction P i n  
Ball Race 
Roller Race, IfP 
Roller Race, OUT2 

CONE YEAR1 

0.602 o.oO0 . 
0.016 0.030 
0.004 0.007 
0.003 0.003 

0.001 
O.OO0 
0.006 
0.005 

0.001 
0.018 
0.025 
0.033 

0.WO 
0.004 
0.007 
0.015 

1. A l l  wear measurements i n  inches; values shown are maximums. 
2. Two measurements were made of tapered wear on both cones and b i t s .  

IN and OUT measurements are described i n  Figure 9 o f  Terra Tek 
Report TR 78-41. 
B i t  "A" ran for five hours and 16 minutes, bu t  cones locked between 150- 
180 minutes into test, a t  which time wear on bearing surfaces would have 
stopped. 

3. 

Figure 4. B r i t t l e  f a i lu re  of H-13 lug. 

5 



Steels were sought for the t h i r d  generation bits which could maintain 

high levels of fracture toughness i n  addition t o  maintaining high hardness 

i n  the bearing races and high tensile strength t o  prevent rupture. Base- 

line fracture toughness tests on AISI 8620 (conventional lugs) and AISI 

4820 (conventional cones) indicated toughness values of 135 MPa6 (123 

k s i m *  and 90 MPa6 (82 ksiJi?) respectively. Steels were sought  for 

the lugs and cones which could meet these fracture toughness require- 

ments, w i t h  the best attainable race hardness values. 

selections are shown in Figure 5. 

toughness for M50 (rollers), shown in Figure 6 ,  illustrate how some hard- 

ness was sacrificed t o  maximize fracture toughness. 

realize t h a t  the sacrifice of hardness does not  always enhance the tough-  

ness of steels. 

temperature for the CBS 600 lug steel; these data  were obtained us ing  the 

"short-rod" technique with 2-inch diameter by 3-inch long samples. 

should be noted t h a t  toughness decreases with temperature for this steel, 

thus i 1 lustrating the importance of elevated-temperature toughness testing: 

all  previously tested steels exhibited increasing toughness w i t h  tempera- 

ture. 

as compared t o  AISI 8620. 

The materials 

Laboratory determinations of fracture 

I t  i s  important t o  

Figure 7 plots fracture toughness as a function o f  

I t  

Figure 8 shows the desirable hot-hardness characteristics of  CBS 600, 

Six of the third-generation bits were r u n  a t  the Geysers by Union 

Geothermal ; the prototypes were a1 ternated w i t h  the Reed Y73-JA conven- 

t iona l  bits which are geometrically identical. The bits d r i  7 led typical 

Geysers ("Franciscan") graywacke sandstone; the a i  r entering the b i t s  was 

* The 1-inch diameter sample used for the AISI 8620 was too small for a 
valid KI measurement, even with the "short-rotl" method employed; the 
135 MPak figure i s  accurate t o  within 215 percent. 

z 

M -. 

b 



Figure 1. The Drilling Research Laboratory. 

were r u n  i n  the Geothermal klellbore Simulator (Figure 2), while two of the 

third-generation bits were run  in the Geothermal A i  r-Dri 11 ing Test Faci 1 i t y  

(Figure 3) prior t o  the field tests. 

were evaluated a t  the Geysers by Union Geothermal Division of Union Oil 

Company. I 

A t o t a l  of six third-generation bits 

The f i r s t  two generations o f  bits were fabricated by Reed Tool Company 

from tool steels which 

4OO0C,  such as H-13 (lugs), Vasco MA and Vasco X2 (cones), and M50 (bearings). 

Back-to-back dri 11 i n g  tests with conventional bits in the Geothermal We1 1 - 
bore Simulator a t  316°C revealed an approximate ten-to-one reduction in 

bearing wear (Table 1). 

of retaining bearing race hardness a t  temperature, bri t t le failures o f  bo th  

cones and lugs  were experienced as shown in Figure 4. 

While these results clearly indicated the importance 

3 
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PRESSURE VESSEL 

INSULA1 ION 

HEATERS 

STANDARD SIZE 
l7.lbcm ( 6  3/4’) ROCK BIT 

M I L D  STEEL DRILL PAD 

Figure 2. Geothermal we1 1 bore simulator. 
r 

AIR C W C R E U O R  SO0 C C I  - HOT AIR SWIVEL 
CNCUYATIC 4OURNALS 
SRU)(OIL a A L 1  

IYSULATCD 8 .  COLLAR 

INSULATCD 8.COLLAR CLEXIDLC 
INSULATE0 
CICC - 

SIT UNDCR TElT 

h 
4 

Figure 3. The geothermal air-drilling test facility. 
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CARBOLOY * 231 
ROLLERS AND 
M-50 STEEL 
RC-5 6 

BALL 
AT 

CUTTER CONES: 
4820 STEEL 

FRICTION-PIN 
.s BUSHING : 

CARBOLOY m . 2 4 8  
OR M-50 STEEL 

F igu re  1. Materi a l s  selected for the third-generat ion  d r i l l  b i t s .  
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Figure 6. Fracture toughness for the roller bearing steels. 

FRACTURE TOUGHNESS AT TEMPERATURE FOR 
TIMKEN CBS 600 AT Rc  35 
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Figure 7. Fracture toughness a t  temperature for CBS 600 lug steel a t  a core 
hardness level of Rc35. 
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TEST TEMPERATURE 'C 

Figure 8. Hardness versus temperature for b i t  l u g  
(Timken Corporation). 

materials 

a t  the formation temperature, L e . ,  about 240OC. 

wear analysis (Figure 9) of the experimental and conventional bits re- 

A detai ed post-mortem 

vealed the superior performance of the third-generation bits. 

The following conclusions and observations on bearing wear were 
3 drawn from these drilling tests : 

a The u s e  o f  CBS 600 r e d u c e d  l u g  wear by a b o u t  2% t o  1 i n  t h e  b a l l  

and roller races, and on the pilot pins of the bits utilizing M50 

bushings. 

further. 

t h a t  surface temperatures exceeded 4 O O O C  on the roller and ball 

races, and 600°C under the Stell i te on the end of the pilot p i n .  

Deformation o f  the pilot pins was noted on the experimental b i t s  

b u t  t o  a lesser extent t h a n  on the Y73JA's. 

Lug wear, although greatly improved, needs t o  be reduced 

Microhardness traces on sections of CBS-600 lugs indicated 

9 



0 CBS 600 should also be used for the cones. 

0 The M50 rollers experienced very minimal wear. 

0 The excessive ball wear was due t o  the design of the ball retainer 

plug; a definitive tes t  o f  the M50 balls i s  s t i l l  required. Good 

performance is expected, based on the low wear experienced by the 

M50 rollers. 

o Overall wear in the pilot bearing system ("friction p i n  area") i s  

excessive and should be reduced by a factor of  three. 

WEAR DATA FOR B I T S  T E S T E D  AT GEYSERS, 
CALIFORNIA DURING SUMMER OF 1978 

0 .om .020 .om .o40 .om .om .om .oeo ,090 .loo 
t i 

ROLLER BEARING AREA 

B A L L  BEARING AREA 

FRICTION P I N  AREA 

A 

KEY:  

A )  STANDARD REED Y 7 3 - J A  B IT  

E )  T E R R A  T E K  EXPERIMENTAL B I T  W I T H  TUNGSTEN-CARBIDE BUSHINGS 
C) T E R R A  T E K  E X P E R I M E N T A L  B I T  W I T H  M - 5 0  BUSHINGS 

LUG WEAR 
BEARING WEAR 
CONE WEAR 

- 
. 

Figure 9. Wear data  for bits tested a t  Geysers. 
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* Current Research 

The previous Terra Tek/DOE work greatly enhanced the understanding of 

the relationships between laboratory materials property tests and field 

dri 11 ing performance i n  the geothermal environment. Since conventional 

steels fail by excessive wear rather t h a n  by brit t le fracture in the field 
* 

3 

MANU FACTURE R ALLOY , 

Carpenter EX- 00053 

Teledyne-Vasco X2 Modified 

1 Timken CBS lOOOM 

' Timken CBS 600 

1 t 

1 

- * 
i t  was determined t h a t  steels which have h i g h  hot  hardness and hence 

superior resistance t o  wear a t  elevated temperatures should be the prime 

candidates for improved geothermal lugs and cones. The brit t le fracture 

of the cones and lugs of the M K - I 1  experimental b i t s ,  however, indicate 

the need for fracture toughness and fatigue crack resistance in the 

RECOMMENDED BY 

Smith Tool Company 

Terra Tek/DOE Program 

Timken Research Center 

Terra Tek/DOE Program 

experimental steels a t  levels comparable t o  those of the conventional 

steels. Three new candidate steels are listed in Table 2 along w i t h  

CBS-600, which requires further evaluation. 

* 

TABLE 2 

r 
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All of these steels are either in use, or  under consideration, for 

applications where high-strength , high-temperature carburizing steels are 

requi red. These include: he1 i copter main dri ve gears, speed reducers for 

turboprops, j e t  he1 icopters , and gas-turbine truck engines , as we1 1 as 

afterburner and thrust reverser mechanisms for mi 1 i ta ry  a i rc raf t .  

composition for the high-temperature steels and for  conventional steels 

are given in Table 3. Hardness of both the carburized case and core of 

al l  of these steels except AIS1 4820 are displayed in Figure 10 as a 

function of temperature. 

with increasing temperature in both  the case and core as opposed t o  the 

excellent retention of hardness i n  the experimental steels. 

manufacturer's hot-hardness da ta  were not  available for  4820, i t  i s  ex- 

Nominal 

The hardness of 8620 and 9315 declines rapidly 

Although 

pected t o  behave similarly t o  9315. 

hot-hardness. 

CBS lOOOM appears t o  have the highest 

The objectives .of the present research are therefore t o  characterize 

the fracture toughness and fatigue behavior of steels presently used in 

rotary d r i l l  bits and reaming stabilizers and t o  identify h i g h  wear- 

resistance steels w i t h  equivalent toughness and fatigue crack resistance 

a t  temperatures t o  400°C. 

fracture toughness values a t  200"C-400"C between 90 MPafi (82 k s i f i )  and 

135 MPah (123 k s i 6 )  would have sufficient toughness t o  maintain h i g h  

penetration rates in geothermal wells. 

mined from a limited da ta  bank of fracture toughness data  for 4820 (cones) 

and 8620 (lugs) developed a t  Terra Tek . The two steels which exhibited 

brit t le failure in the MK-I1 bits had K I c  values between 25 and 65 M P a 6  
4 a t  temperatures up t o  400°C . 

I t  is  f e l t  t h a t  wear-resistant steels w i t h  

The 90-135 MPafi range was deter- 

3 

L 
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TABLE 3 

0.55 1 0.025 0.025 

Nominal Steel Compositions 

0.28 

tompos i t ion  ('. by weight) ' I 
Steel Type 

A I S 1  4820 

AISI 8620 

AISI 9315 

CBS 600 

CBS lOOOM 

EX-00053 

Vasco X2M 

C 

0.20 

0.20 

0.15 

0.20 

0.13 

0.10 

0.13 

Cr 

-- 

0.50 

1.20 

1.45 

1.05 

1.00 

5.20 

- 
N i  

3.50 

- - 

0.55 

3.25 

3.00 

2.00 

0.06 

0.20 1 -- ' 

I 
0.12 j -- 
1.00 i -- 

! 
4.50 ~ -- 
3.25 I 0.10 

1.30 I 0.40 
I 

TEMPERATURE, 'F 

0 CES lW0Y - - - - - -  
300 400 500 600 

Figure 10. Effect o f  temperature on hardness o f  conventional 
mental steels. 

and experi- 
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EXPERIMENTAL PROCEDURE 

Sample Preparation 

AISI 4820: Test blanks 50.8 mm diameter by 76.2 mm long were machined 

from a forged and annealed rod 1.8 m in length. 

quality and had been vacuum melted. 

The steel was of aircraft 

The long axes of the blanks were 

parallel to the axis of forging. 

AISI 8620: Cylinders 50.8 mm diameter by 76.2 mm long were made from 

an air-melted, hot-rolled rod 57.2 m diameter by 1.8 m in length. The 

long axes of the specimens were parallel to the rolling direction. 

AISI 9315: Specimens 25.4 mm diameter by 38.1 mm long were cut from 

ai rcraft-qual i ty, vacuum-arc-remel ted steel. The hot-roll i ng direction 

was parallel to the long axes of the cylinders. 

CBS 600: Cylindrical rods 50.8 mm diameter by 76.2 tmn long were 

machined from vacuum-arc-remel ted, hot-rol led stock. The long axes of 

the specimens were parallel to the rolling direction. 

mm diameter by 38.1 mm long were made from a forged bar which was quartered 

before machining the diameter of the cylinders. 

specimens were again parallel t o  the axis o f  forging. 

Test blanks 25.4 

The long axes of the 

CBS 1000M: Test blanks 50.8 mm diameter by 76.2 mm long were turned 

The steel had been vacuum induc- from a hot-rolled 76.2 nun diameter rod. 

ti on me1 ted and vacuum-arc-remel 

to the rolling direction. 

(VIMVAR) and specimen axes were parallel 

25.4 mm diameter by 38.1 mm long cylinders were 

made from a separ 

rolled to the smaller diameter. 

heat in an identical manner except that the steel was 

15 



EX-00053: A rough forged rod approximately 60 mm in diameter was 

machined into cylinders 50.8 mm diameter by 76.2 mm long. The steel was 

VIMVAR and specimen axes were parallel to the axis o f  forging. 

- X-2M: Vacuum-me1 ted, hot-rolled rods were used to make cylinders 

50.8 mm diameter by 76.2 mm long. 

rolling direction. 

The cylinder axes were parallel to the 

Ladle analyses of 4820, 8620, EX-00053 and X-2M, as well as the 

chemical composition of the 25.4 mm cylinders supplied by the Timken 

company, are listed in Table 4.  

steels appear in Appendix A. 

of each specimen as illustrated in Figure 11. 

longitudinally in the cylinder, leaving a "V"-shaped ligament in the in- 

tended crack plane. 

Detailed heat treatments of each of the 

A grip groove was machined into the end 

Thin slots were then machined 

Testing and Data Reduction 
5 Fracture Toughness: The short-rod method was used t o  measure the 

fracture toughness of the steels as a function of temperature. The theory 

for this novel technique has been developed for materials displaying linear 

elastic fracture mechanics (LEFM) and for non-LEFM specimens . Compari- 

sons of the short-rod technique with the standard ASTM E399 method of 

measuring fracture toughness have shown good agreemen?, as have different 

techniques for calibrating the short-rod  specimen^^'^^. 
advantages of the short-rod method have become apparent", the main reason 

for using the technique to evaluate drill bit materials is that specimen 

diameters similar to the through-section thickness of cones or lugs can be 

6 7 

Although several 

- 
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TABLE 4 

Ladle and Check Analyses o f  Steels 

Steel Type 

AISI 48201 

AISI 86201 

AISI 93152 

CBS 6002 

CBS 1000M2 

EX-00053l 

X-2M' 

C Mn P s j s i  

0.18 0.65 0.012 0.013 0.26 

0.19 0.74 0.013 0.021 0.21 

0.13 0.59 0.009 0.006 0.31 

0.20 0.60 0.004 0.004 1.01 

0.13 0.54 0.008 0.007 0.38 

0.103 0.33 0.007 0.006 0.95 

0.14 0.20 0.014 0.003 1 0.98 

1.55 0.06 1 0.97 

1.01 1 3.05 I 4.47 

0.99 2.03 I 3.32 

4.80 -- 1 1.33 

1 

Ladle analysis 
* Chemical composition o f  test cylinders 

. 

c 

T ;$--p- 
I 8/2 f O . 0  I e 

I 
I 

s L W - I  I 

- - - - -  
- -_ -_ -  T = .313 x B 5 .005 x B 

S = .130 x B 2 .OlO x B 
W = 1.500 x B f .010 x B 

B = SPECIMEN DIAMETER 

25.4 mn Li (1 i n ) :  B = 25.4 i: .01 mm (1,000 2 .004 i n )  
19.05 mm (3 /4  i n ) :  B = 19.05 2 ,007 mm (,750 +- .003 in) 
12.7 mm (1 /2  in): B = 12.7 i: .005 mm (.500 f ,002 i n )  

Figure 11. Short-rod specimen geometry. 
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tested. 

and u 
YS 

rod technique whereas the thickness of the ASTM E399 compact toughness 

specimen must be a t  least 2.5 ( K I c / ~ y s ) 2 .  

Diameters as small as 1.0 (KIc /c rys )2  (where K I c  i s  the toughness 

i s  the yield strength of the steel) can be tested by the short- 

7 

Several loading devices have been developed for short-rod testing 

including a machine called a "fracjack", shown in Figure 12. The frac- 

jack is installed in a tensile testing machine as illustrated in Figure 

13. 

and a copper chamber with cartridge heaters is  installed over the steel 

specimen as shown i n  Figure 15. 

shaped slot, i s  connected t o  a controller which supplies power t o  the 

heater cartridges. 

chamber was installed, brought t o  the desired temperature then held five 

minutes before applying a load. The equipment used t o  test  50.8 mm dia- 

meter short-rod samples i s  shown i n  Figure 16. 

The specimen is placed over the grips on the fracjack (see Figure 14) 

A thermocouple, placed in the cheveron- 

For specimens tested a t  elevated temperatures, the 

25.4 mm diameter specimens 
1 were tested i n  a Fractometer 

heater t o  perform the test  i n  

(see Figure 16) causes the g r  

fracjack rotates the grips as 

which employs smaller grips and a smaller 

the same manner. 

ps t o  force the specimen mouth open. 

the specimen mouth is  opened, w h i c h  results 

Actuating the test machine 

The 

in lines of constant load between the grips and the inside surfaces of 

the specimen mouth.  

function of the mouth  opening of the specimen, or Load Point Opening (LPO) 

which generates a load versus LPO test  record, as seen in Figure 17. 

The initial loading slope i s  linear as the m o u t h  of the specimen i s  

elastica1 ly opened by the grips. 

The load applied t o  the specimen i s  plotted as a 

Eventually, the load-LPO trace deviates, 

- 
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Figure 12. Fracjack loading device w i t h  specimen installed over grips. 

. 

machine. 



Figure 14. Installation of a specimen on the fracjack grips. The short- 
rod sample is shown installed on grips which have been re- 
moved from the fracjack. 

Figure 15. Installation of the temperature control chamber 
over a short-rod. 

20 



f Figure 16. Tensile testing machine control panel and temperature con- 

1 
troller used for short-rod fracture toughness and fatigue 
measurements. 
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0 
-I 

a 

LOAD POINT OPENING 

Figure 17. Load versus LPO test record for a steel sample w i t h  minimal 
plasticity. 

from linearity indicating t h a t  a crack has initiated a t  the point of the 

V.  Increasing the load causes stable crack growth which constantly 

widens the crack front .  The fracture toughness measurement is made in 

the region of the maximum load after the crack has grown into the central 

region of the specimen. The load i s  released and reapplied several times 

during the test  (two unloading-reloading sequences are seen i n  the test 

record i n  Figure 17) t o  determine and correct for residual stresses and 

plasticity. In several of the steel specimens tested, the plastic zone 

associated w i t h  the crack t i p  was appreciable, causing the stretched 

material within the zone t o  prop the mouth slightly open after the ex- 

ternal load was released. The degree of plasticity i s  easily determined 

from the test  record and the effect of the plastic zone on the indicated 

toughness i s  known . 7 
!- 

a 
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Macroscopic residual stresses also affect the measurement of the 

fracture toughness by causing the test crack t o  be in a state of tension 

or  compression before the application of any external load. The effects 

of residual stresses in short-rod specimens can be detected and compen- 

sated for in much the same way t h a t  the specimen plasticity i s  measured 12 . 
In some cases, the phenomenon of crack closure13 causes the unloading 

Crack paths t o  become nonlinear after most of the unloading has occurred. 

closure i s  caused by material on the crack surfaces w h i c h  has been pulled 

ou t  or  disturbed during fracture t o  partially f i l l  the space between the 

two fractured surfaces. The steepening of the unloading paths resulting 

from the early closure of the crack does n o t  affect the fracture tough-  

ness measurement b u t  does limit the range i n  w h i c h  loads can be applied 

during fatigue testing. 

Several o f  the steel specimens tested exhibited "crack-jump behavior" 

rather than the smooth crack growth described above. 

load-displacement test  records which consisted of a few very rap id  jumps 

in crack position. 

and a decrease i n  the applied loading force. 

loading continued, the crack was nearly stationary until the load was 

increased t o  a level which precipitated the next jump. Al though speci- 

mens displaying crack-jump behavior do not  allow for unloading-reloading 

cycles so t h a t  the effects of plasticity o r  residual stress can be included 

in the determination of fracture toughness, they do provide insight into 

the mode of fracture, as discussed later (see Results and Discussion Section). 

These specimens had 

Each crack jump was accompanied by an audible "pop" 

Between the jumps , as 
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The loading sequence o f  the short-rod fracture  toughness t e s t  was com- 

pleted i n  less  than one minute for  specimens exhibiting e i the r  smooth 

crack growth of crack-jump behavior. 

Fatigue Crack Resistance Fleasurements 

Identical specimens t o  those used i n  s t a t i c  f racture  toughness mea- 

surements were used to  determine the fatigue behavior of the s t ee l s .  

Fatigue t e s t s  were performed a t  room temperature for  AIS1 4820, 8620 and 

9315, and a t  300°C for  CBS 600, CBS 1000M, EX-00053 and Vasco X-2M. 

mm diameter cylinders were used for  a l l  s t ee l s  except 9315 i n  which 25.4 

mm diameter specimens were tested.  

50.8 

All measurements were made i n  a i r  and 

although the humidity was not monitored, i t  was re la t ive ly  constant near 

25 percent. 

A Textronix 531A oscilloscope was used t o  monitor the load-displacement 

behavior fo r  a l l  fatigue tes t ing  and a Polaroid camera made permanent record 

of the t e s t s .  

appropriate temperature was obtained and monitored throughout the t e s t .  

specimen was i n i t i a l l y  loaded and the slope of the load-displacement l i ne  

recorded. 

f a t i y e  cycling began. 

being loaded and unloaded i n  tension. The i n i t i a l  minimum and maximum 

loads were not identical  for  a l l  samples since crack closure e f fec ts  varied 

and i t  was necessary t o  avoid crack closure i n  a l l  instances. 

The sample was placed i n  the fracjack loading device and the 

The 

The specimen was then fur ther  loaded t o  i n i t i a t e  a crack before 

All samples were cycled a t  5 Hz w i t h  the specimens 

After the crack was in i t i a t ed ,  the specimen was cycled between two 

constant loads and the average difference between the loads was used t o  

determine an average AK i n  an identical manner t o  tha t  used i n  s ta t ic  fracture  

24 



7 toughness t e s t s  . Crack advance was measured us i ng prev ious ly  d e t e m i  ned 

compliance by c o r r e l a t i n g  the change i n  the  slope of t he  

load-displacement curves from the  osc i l loscope w i t h  the  i n i t i a l  crack 

length  and load ing  s lope determined a t  t he  beginning o f  t he  t e s t .  The 

maximum 1 oad was increased pe r iod i ca l  1 y throughout the  t e s t  , thereby 

inc reas ing  AK and a l low ing  several AK values t o  be measured from one 

sample. The loading-unloading slope, and hence the  change i n  compliance, 

was recorded each t ime j u s t  before the  load was increased and the  number 

o f  cyc 

s i s t e d  

o f  t he  

es was a l so  recorded from the  t e s t  machine. A t y p i c a l  t e s t  con- 

o f  approximately 100,000 cycles and f i v e  t o  t e n  AK l eve l s .  A p l o t  

r a t e  o f  crack growth as a func t i on  o f  the change i n  toughness was 

made by apply ing the  Par i s  power law14: 

da = C ( A K ) ~  
dN 

where da/dN i s  the  f a t i g u e  crack growth rate,  AK i s  t he  c y c l i c  s t ress  

i n t e n s i t y  ( A K  = ’inax - Kmin) and C and m are mater ia l  constants dependent 

on frequency, temperature, environment and s t ress  r a t i o .  

e f f e c t  o f  changing s t ress  r a t i o  on the  data l5 ,  the  fo l l ow ing  r e l a t i o n s h i p  

To e l im ina te  t h e  

was used16: 

where R i s  the  s t ress  r a t i o  ( R  = ‘inin/Kmax) and a l l  o ther  symbols a re  t h e  

same as i n  Equation 1. The fa t igue crack growth a t  a s p e c i f i c  AK was deter-  . 
mined by d i v i d i n g  the  change i n  crack length  (Aa) by t he  

(AN) recorded dur ing  the  constant AK per iod  o f  the  t e s t .  

25 
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RESULTS AND DISCUSSION 

Steel Characterization 

Only limited characterization of the steels has been performed a t  

this time. 

t ions Program, analyzed each of the steels i n  the test  program, with 

results displayed i n  Table 5. 

Radian Corporation, w i t h  support from DOE/DGE Chicago Opera- 

The chemical analyses performed by the 

Timken Company for CBS 600, CBS lOOOM and 9315 (see Table 4) agree well 

with the Radian results except for the nickel content of 9315. The 

compositional differences between the two heats of CBS 600 and CBS lOOOM 

should be noted. I t  should also be observed t h a t ,  as expected, EX-00053 

had the lowest carbon content of the steels tested and t h a t  9315 had a 

considerably lower carbon content t h a n  either 4820 or  8620. 

Radian Corporation also measured the hardness (Rockwell C )  of the 

fractured steel specimens. Decarburization was noted on the surface of 

several of the samples b u t  this had no effect on toughness o r  fatigue 

measurements because of the configuration of the tes t  specimens. Hard- 

ness measurements were made a t  approximately every 1.6 mm from the surface 

t o  the center of each specimen, w i t h  results shown i n  Table 6. 

bracketed hardness value best describes the hardness i n  the center of 

the specimen. 

cylinders after heat treatment and found values of 41.5 Rc for 25.4 mm 

The 

The Timken Company measured the surface hardness of test  

and 38 Rc for 50.8 mm specimens. The hardness a t  the center of CBS 600 

specimens, as determined by Radian, was Rc 39.0 for 25.4 mm and Rc 38.0 

for 50.8 mm specimens. Timken measured a surface hardness of 37 Rc for 
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CORE HARDNESS (R,) 
~ A I N  SIZE 

(MC~UAID EHN) 

TABLE 5 

Chemical Analysis (Percent by Weight) 

STEEL TYPE MN P s SI NI V W cu C 

0,18 
0,20 
0,lZ 
0,20 
0819 
0.14 
0,15 

0,093 
0,13 

Mo 

0,22 
0,18 
0,17 
1,02 
1,94 
4.13 
4,40 
3,15 
1.28 

CR 

-- 
0,49 
1,31 
1,38 
1,58 
0,80 
1,07 
0,51 
4,49 

0,013 
0,017 
0 006 
-- 

0,006 
-- 

0,005 
-- 
-- 

4820 
8620 
9315 
CBS 600 
CBS 600' 
CBS lOOOM 
CBS 1000M' 
EX-00053 
X-2M 

0.63 
0.75 
0,58 
0,71 
0,63 
0,57 
0.62 
0-30 
0,21 

0,008 
0,007 
0,009 
-- 

0,008 
-- 

0,011 
-- 
-- 

0.29 
0,19 
0,31 
le21 
1,06 
9,50 
0,51 
0,99 
0,99 

3,31 
0,116 
3,44 
-- 
-- 

3,20 
3,32 
2,05 
0.05 

' SEPARATE HEAT (USED FOR !5.4 MM CYLINDERS), 

TABLE 6 

Character izat ion of Steels 

* $  

TENSILE STRENGTH3 
- 

YIELD STRENGTH (2% 
HEAT 

REATMENT 

-___- 
MPA 

859 
82 7 
848 

1,262 
1,262 
1,124 
1,124 

965 

1,034 

___ __~. 

.__- 

KS I MPA 

1,172 
1,151 
1,096 
1,172 
1,172 
1,323 
1,323 
1,159 
1,379 

STEEL TYPE KS I 

126 
120 
123 

183 
183 

16 3 
163 
140 
150 

170 
167 

159 
170 
170 
192 
192 
168 
200 

8-9 
7-8 

7 
6 
6 
6 

5-6 
FINER THAN 10 

8-9 - - - 

48202 
86202 
9315l 
CBS 6001 
CBS 600' 
CBS 1000M' 
CBS 1000M2 
EX-000532 

X-2M2 

A 
B 
C 
D 
n 
I 
6 
L 
M .- . 

37,0-42,5 (38,O) 
20,5-28,5 (22 .O) 
34,O-39,5 (35,s) 
39.0-41,O (39,O) 
37.5-39.0 (38.0) 

36.5-39-5 (38,5) 
37,0-40.0 (38.5) 
31.5-35.0 (32.0) 
37,5-40,0 (38.5) 

r 

1 - 25.4 MM DIAMETER SPECIMEN 

- 50,8 MM DIAMETER SPECIMEN 

3 - MANUFACTURER'S DATA 

4 - SEE APPENDIX A FOR EXPLANATION OF HEAT TREATMENT CODE, 
= I  
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50.8 mm CBS lOOOM specimens and 43.0 Rc fo r  the same heat  treatment of 

25.4 mm specimens. 

hardness values for the two heats. 

Radian measurements resulted in essentially identical 

McQuaid-Ehn grain size (ASTM E112 A.3.2.1.1-78) as determined by 

Radian Corporation i s  listed in Table 6. 

determining the austenite grain size after carburization and does not  

necessarily produce a valid measure of the prior austenite grain size in 

specimens in'the condition in w h i c h  they were tested. 

etched the 25.4 mm diameter CBS lOOOM specimens i n  Villela's etch and 

measured a prior austenite grain size of 10 t o  11, considerably finer 

than determined by Radian, and a structure of tempered martensite w i t h  

M6C carbides. 

(treatment D ) ,  when etched i n  4 percent Nital, displayed a grain size of 

7 and a duplex microstructure consisting of tempered martensite with 40 

percent lamellar ferrite. When the same steel was austenitized a t  870°C 

(treatment F) , the microstructure was completely tempered martensite and 

the grain size was 7 t o  8. 

determine both ASTM grain size and microstructure. 

t h a t  can be derived from the McQuaid-Ehn grain size measurements is  t h a t  

the Carpenter EX-00053 steel has a very fine g ra in  size. 

Radian determined t h a t  the microstructures o f  931 5, EX-00053 and 

This procedure i s  based on 

The Timken Company 

The 25.4 mm diameter CBS 600 specimen, quenched from 835°C 

Etching of the other steels i s  underway t o  

The only conclusion 

X-214, after the treatments listed in Appendix A ,  consist entirely of 

tempered martensite. 

a microstructure consisting o f  nearly 100 percent bainite with a trace o f  

martensite for a 50.8 mm diameter 4820 rod water quenched from 780°C and 

Continuous cooling transformation diagrams predict 
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an identical cylinder made of 8620 should have a microstructure a t  the 

center consisting o f  about  50 percent ferrite, 45 percent bainite and 

5 percent martensite after water quenching from 830°C. 

t h a t  the microstructures of 4820 and 8620 will vary over the width o f  

the crack in a short-rod specimen and t h a t  characterization o f  the grain 

size and microstructure i n  these steels is  important. Tabulation o f  the 

yield strength and tensile strength o f  steels, based on manufacturer's 

data i n  Table 6, indicates t h a t  each of the candidate steels have higher 

strengths than the conventional steels presently in use. 

I t  i s  apparent 

Scanning electron microscopy (SEM) of the fractured surfaces was 

performed by Radian Corporation. 

Appendix B (Figures 61 through B18). 

B19 through 632 represent comparison fracture surfaces from static and 

fatigue test samples and were taken by Terra Tek a t  the University of 

Utah. The fracture mode was transgranular for a l l  specimens. The degree 

of ductility estimated by Radian from their SEM micrographs i s  listed 

i n  Table 7. Also included in Table 7 i s  the observed crack behavior from 

load-displacement test  records. 

to-ductile transitions noted i n  CBS 1000M, EX-00053 and X-2M between room 

temperature and 200°C correlate well w i t h  the observed crack behavior from 

the test records. There i s ,  however, no information from the SEM micro- 

graphs t o  explain the crack jump behavior observed i n  8620, 9315, CBS 600 

and CBS lOOOM a t  h i g h  temperatures. 

Sel ected micrographs are di spl ayed i n 

The SEM micrographs seen i n  Figures 

I t  i s  interesting t o  note t h a t  the brittle- 

- 
.. 
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TABLE 7 

Fracture Mode Based on SEM Micrographs 

Stee l  Type 

4820 

8620 

9315 

CBS 600 

CBS lOOOM 

EX-00053 

X-2M 

Fracture Temperature 
( "C)  

RTt 
100 
200 
300 

RT 
100 
200 
300 

RT 
100 
200 
300 

RT 
100 
200 
300 
400 

RT 
100 
200 
300 
400 

RT 
100 
200 
300 
400 

RT 
100 
200 
300 
400 

Degree o f  D u c t i l i t y  

A 
A 
A 
A 

C 
B 
A 
A 

A 
A 
A 
A 

A 
A 
A 
A 
A 

D 
A 
A 
A 
A 

B 
A 
A 
A 
4 

E 
E 
B 
A 
A 

4 

I 

Crack 
Behavior 

S 
S 
S 

S-J 

S 
S 
S 

S-J 

.1. RT - Room Temperature 

A - Duc t i l e ,  microvoid coalescence 
B - Mixed Mode, less than 25" ' , 'b r i t t le  cleavage 
C - Mixed Mode, 25-75"' b r i t t l e  cleavage 
D - Mixed Mode, greater  than 75". b r i t t l e  cleavage 

S - Smooth Crack Growth 
J - Crack Jump Behavior 
S-J- Border l i ne  Between Smooth 

and Crack Jump 
r' E - B r i t t l e  Cleavage 

t 
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Fracture Toughness 

The experimental data  from static fracture toughness tests are 

tabulated i n  Appendix A along w i t h  heat treatments. 

interpretation of the data follow. 

A description and 

AISI 4820: The toughness of 4820 (heat treatment A )  as a function 

of temperature i s  shown i n  Figure 18. 

and grip grooves machined before heat treating, as well as machining 

performed after heat treating, with no observed difference i n  the frac- 

ture toughness. The fracture toughness declines steadily with temperature 

t o  200°C and then increases slightly between 200 and 300OC. 

graphs revealed dimpled rupture indicative of ductile fracture a t  all 

temperatures. Although there i s  no obvious reason for the decrease i n  

toughness w i t h  temperature, the,increase above 200°C may be due t o  micro- 

structural changes occuri ng during the test , because the temperi ng 

temperature was only 230°C i 

toughness a t  200°C i s  only half the value of the fracture toughness a t  

The steel was tested w i t h  slots 

SEM micro- 

17 The important observation i s  t h a t  the 

room temperature. 

AISI 8620: The low hardenability of 8620 (hea t  treatment B), rela- 

tive t o  other steels tested, caused differences i n  the fracture toughness 

depending on whether the cylinders were slotted before o r  after heat 

treating (see Figure 19) .  The specimens heat treated after slotting 

showed considerable scatter between tests due t o  residual stresses arising 

from quenching and phase transformation. 

slots displayed consistently higher toughness a t  room temperature and 

300°C then their slotted counterparts, b u t  no difference was observed a t  

The specimens quenched without 
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TEMPERATURE, F 
100 200 300 400 500 600 700 800 

I I I I I I I I 

AIS1 4820 
120 

x 

Figure 18. Fracture toughness as a funct 
(heat treatment A ) .  

on of temperature for  4820 

TEMPERATURE. F 
300 400 500 600 700 800 100 200 

I I I I I 1 I I 

140 

Figure 19. Effect of temperature on the toughness o f  8620 
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100°C and 200°C. 

2 3 O O C  tempering temperature, so mi cros tructural changes d u r i n g  the test  

were i nevi tab1 e. 

As for 4820, the 300°C test temperature exceeded the 

The obvious trend, regardless of the timing of slot  c u t t i n g ,  is a 

drop in toughness with temperature, despite the fact t h a t  the SEM micro- 

graphs indicate some degree o f  brit t le cleavage a t  both room temperature 

and 100°C and ductile fracture by microvoid coalescence a t  temperatures 

of 200°C and 300°C. 

is  the drop i n  hardness between ambient and 200"C, since wear i s  

The most serious problem w i t h  4820 and 8620, however, 

greatly accelerated i n  these steels by increased temperature. 

A I S 1  9315: The 9315 steel (heat treatment C ) ,  with i t s  entirely 

martensitic structure as well as high nickel and low carbon contents, 

displayed the best toughness o f  any o f  the conventional steels tested. 

The toughness decreased only from 120.7 MPafi a t  room temperature t o  

88.0 MPafi a t  300"C, as displayed in Figure 20. 

of 9315 i s  adequate over the entire temperature range and the only draw- 

back t o  this steel i s  i t s  poor wear resistance (low hardness) a t  elevated 

temperatures (see Figure 10) i n  comparison t o  the candidate steels i n  the 

program. As for  8620 and 4820, the test  temperatures considerably ex- 

ceeded the tempering temperature of 175°C. 

The fracture toughness 

CBS 600: The fracture toughness behavior o f  CBS 600 with temperature 

i s  illustrated i n  Figure 21. 

the 50.8 mm ( 2  i n c h )  diameter CBS 600 specimens produced the highest tough- 

ness (154.1 MPah) i n  room temperature tests. 

siderable ferrite mixed w i t h  the martensite. 

The 835°C (1535°F) hardening temperature o f  

The microstructure had con- 

When the same heat treatment 

h 

c 
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Figure 20. Fracture toughness of 9315 as a function of temperature 
(heat treatment C ) .  

TEMPERATURE *F 
100 200 300 400 500 600 700 800 
I I I I 1 1 I I 

175c TIMKEN CBS 600 

I 

I 5 O i  12s 

50tlnm ,+AT TREATMENT D 50 

25  - 
U 
Y 

m 
00 c 

I w 
d 

rs 
P 
3 
I- 
C 

50 2 
!A 

!5 

I 
too 200 so0 400 

TEMPERATURE. 'C 

Figure 21. Effect of temperature on the toughness of CBS 600. 
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was applied t o  25.4 mm diameter specimens, 40 percent lamellar ferri te 

was observed. 

room temperature t h a n  were the 50.8 mm specimens (see Appendix A ) .  The 

toughness o f  the 25.4 mm specimen drops sharply from 103.5 t o  61.5 MPafi 

between room temperature and 200°C. 

The 25.4 mm specimens were significantly less tough a t  

The 870°C (1 600°F) hardening temperature produced an enti rely 

martensitic microstructure with about  the same austenite grain size as 

the 835°C "austenitizing" temperature. I t  i s  interesting to  note t h a t  

the 100 percent tempered martensite microstructure had a lower toughness 

a t  room temperature (111.4 MPa46) t h a n  the ferri te-martensi te cylinders 

of the same size. 

martensitic structure and 38.0 Rc for the martens1 te-ferri t e  microstructure 

indicating a trade-off in hardness and toughness. 

a t  870°C had a toughness of 86.9 MPafi a t  300"C, perhaps indicating t h a t  

a totally martensitic structure may retain toughness better w i t h  increas- 

The room temperature hardness was 42.5 Rc for the 

A cylinder hardened 

i ng 

the 

had 

temperature t h a n  microstructures containing ferri te. 

CBS 1000M: Three austeni tizing temperatures were used i n  determining 

effects of heat treatments on K I c  (see Appendix A ) ,  b u t  all specimens 

microstructures of tempered martensite with M6C carbides. The grain 

size after the 1090°C (2000°F) treatment was 7 t o  8 whereas the 955°C 

(175OOF) treated cylinders had a gra in  size of 10 t o  11. 

t h a t ,  as expected, the finer-grained (hexagon shaped symbols) had a higher 

toughness t h a n  the coarser-grained steel (triangles). 

austenitized a t  955°C (heat treatment I ,  square symbols) after a simpler 

heat treatment than i t s  50.8 mm counterpart (heat treatment G ,  hexagons) 

Figure 22 shows 

The 25.4 mm cylinders 
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. had a higher hardness (43 Rc versus 37 Rc) as well as increased tough- 

ness (80.0 MPafi versus 57.1 MPahi). As previously discussed, the hard- 

ness of this steel i s  in question since Radian measured a hardness o f  

39.5-38.5 Rc a t  the center o f  bo th  size cylinders. I t  i s  obvious, how- 

ever, t h a t  hardness i s  no t  always sacrificed when improved toughness i s  

in toughness correlates well with the bri ttle-to-ducti le fracture transi - 
e tion of this steel as seen i n  micrographs B9-Bll (Appendix B ) .  All CBS 

lOOOM specimens had excellent toughness retention over the enti re tempera- - 
r T  ture range. 
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Except for austenitizing a t  1090°C, all the heat treatments given 

CBS iOOOM produced adequate toughness for any drilling application above 

room temperature. The low ambient temperature toughness, as compared t o  

4820, 8620 and 9315, would limit the use of this steel i n  the cold environ- 

ments sometimes encountered in normal rock drilling. 

from Figure 10, the CBS lOOOM has the best wear resistance of any steel 

i n  the test  program. 

militate against i t s  wide-spread use. 

As can be seen 

However, i t s  high cost and elaborate heat treatment 

EX-00053: The room temperature toughness (103.6 MPam of EX-00053, 

heat treatment L, i s  comparable t o  t h a t  of conventional steels b u t  the 

increase i n  toughness a t  100°C i s  phenomenal (265 MPafi). The steel 

appears t o  be going th rough  a brittle-to-ductile transition (see Figures 

B13 and 614, Appendix B )  i n  this temperature range (see Figure 23). 

in 50.8 mm diameter specimens and employing the short-rod technique, the 

toughness i s  difficult t o  measure because of  the large plastic zone in 

the test cylinders. 

Even 

The EX-00053 steel should be an excellent candidate 

for any application requiring exceptiona 

tures. Further studies are essential t o  

increase in toughness o f  this steel in a 

- X-2M: The X-214 steel displayed the 

toughness a t  elevated tempera- 

determine the cause of the rap id  

small temperature interval. 

most consistent toughness behavior 

as a function o f  temperature o f  any steel tested (see Figure 24). 

fortunately, the toughness o f  this steel is  also the lowest of any tested 

and although i t  i s  comparable t o  4820 and 8620 i n  the 200 t o  300°C range, 

the low room temperature toughness does not make this steel a promising 

candidate for  geothermal rock bits since the bits must be able t o  wi ths tand  

Un- 
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impact d u r i n g  fabrication and shipping. 

however, i s  the h i g h  austenitizing temperature ( 1 1 2 O O C )  which calls for  

furnace equipment n o t  generally used by b i t  manufacturers. 

The main problem with this steel, 

One interesting result of the X-2M tests i s  the excel lent correla- 

tion between the crack behavior observed on the test  record and the 

bri ttle-to-ducti 1 e transi t i  on temperature (see Tab1 e 7 ) .  

graphs (see Figures Bl5-B18) reveal t h a t  the steel changes from very 

brit t le cleavage t o  ductile fracture between 100°C and 200°C, accompanied 

by a change from crack-jump behavior t o  smooth crack growth. 

there was not  corresponding increase in toughness between 100°C and 200°C. 

The SEM micro- 

Surprisingly, 

The toughness of the steels tested i s  compared in Figure 25. I t  

i s  very apparent t h a t  EX-00053 has superior toughness a t  elevated tempera- 

tures and t h a t  CBS lOOOM i s  the'only other steel which has K I c  values 

equal o r  superior t o  9315. 

tempered martensite structures ( X-2M, 9315, CBS 1000M, EX-00053) have 

much better toughness retention w i t h  increasing temperature t h a n  steels 

containing ferrite or  baini te (4820, 8620 and CBS 600). 

steels drop rapidly in toughness with increasing temperature. 

all of the steels, with the possible exception o f  X-2M, may be capable of 

resisting fracture d u r i n g  geothermal drilling, EX-00053 and CBS lOOOM 

appear t o  be the only steels capable of resisting impact fracture i f  

reamers and bits made o f  these materials are used a t  conventional penetra- 

t ion rates. The obvious advantage of using a highly wear-resistant steel 

would be t o  drill faster and longer w i t h  the same o r  reduced bearing wear. 

The other obvious trend i s  t h a t  steels with 

These latter 

A l t h o u g h  

- I  

.: I 
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al lows an est imate t o  be made o f  the  maximum al lowable i n i t i a l  f law s i z e  

i f  the  opera n. A l t e r n a t i v e l y ,  i t  i s  poss ib le  t o  

estimate a maximum al lowa which w i l l  n o t  a l l ow  

i t  t o  grow t o  c r i t i c a l  d i  

ponent16. Although f a t i g u e  data are n o t  p resent ly  used t o  p r e d i c t  b i t  

f a i l u r e ,  i t  was bel ieved t h a t  wear- res is tant  s tee l s  should have f a t i g u e  
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behavior a t  high temperatures similar t o  t h a t  of  conventional b i t  steels 

a t  room temperature. This maybe an over-simplification since conventional 

rock bits certainly operate a t  elevated temperatures. 

I t  was expected t h a t  m values from the Paris power law16 would be 

i n  the range of two t o  four for all steels tested and t h a t  the slopes 

would simply be shifted t o  higher or  lower crack propagation rates i f  a 

log-log plot of crack propagation rate was made as a function of stress 

intensi t.y factor. 

as can be seen in Table 8, and i n  Figures 26 through 33. 

cussion of the individual tes t  results follows. 

The tes t  results, however , were quite different, 

A brief dis- 

AISI 4820: Although no d a t a  were found i n  the literature for crack 

propagation rates i n  4820, the results shown i n  Figure 26 indicating an 

m value of 3.05 are reasonable. The line indicating the f i t  of the da ta  

i s  extended beyond the actual data  points and i t  should be noted t h a t  the 

curve will bend down a t  low propagation rates and curve up a t  higher rates 

due t o  crack initiation and unstable crack growth, respectively. 

generally believed t h a t  the region between 0.1 and 10 m/cycle is  well 

within the stable region (often refered t o  as Region 2 )  of crack growth. 

4820 showed l i t t l e  crack closure and as stated earlier,  crack closure 

was avoided for a l l  tests since cracks do not  propagate when the crack 

has closed. 

I t  i s  

AISI 8620: An exceptionally h i g h  m value (11.38) was calculated 

from the tes t  d a t a  and individual tests indicated an even higheq m 

value of approximately 13.6. 

which was slotted before heat treating while the second tes t  used a 

The f i r s t  tes t  was conducted w i t h  a specimen 

* 
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TABLE 8 

S t e e l  Type 

4820 

8620 

9315 

CBS 600 

CBS lOOOM 

EX-00053 

X-2H 

- - 

Fatigue Crack Resistance Results 

r e s t  Temperature 

Combined 

RT 
RT 

Combined 

Combined 

RT 
RT 

Combined 

! Combt)ned 

300 ' 1  
300 

300 1 1 .  
300 ~ 2 

[ Combined 

300 ! 1 
300 ' 2 

r m h i n e d  __ . -. - - _. . - . . - 

__ 
Kmax 
t4Pa.m 

62.6 
60.8 
62.6 

70.1 
80.7 
80.7 

73.4 

78.4 

65.4 
51.1 
65.4 

49.7 
64.0 
64.0 

94.6 
70.R 
94.8 

46.5 
52.1 
52.1 

- 

78.4 

c:. 

4.14 x 
5.90 x 10"O 
4.87 x 10-'C 

1.67 x lo-.': 
7.91 x 
2.36 x lo-?: 

1.23 x lo-' 
8.73 x 10-3 
1.71 x lo-' 

2.24 x 10-l-  
2.10 x lo-" 
1 .69  x lo-" 

7.88 x 10-1; 
4.22 x 
1.22 I in-" 

1.08 x in-!* 
2.55 in - '  

1.80 x lo-!. 

6.6R x l f l - I '  

2.77 x IO-:" 
7.64 x IO-'" 

_- 

M _- 
3.14 
2.98 
3.05 

3.83 
3.43 
1.38 

1.46 
2. I6  
1.97 

7.99 
4.29 
4.92 

8.24 
3.19 
2.36 

6.64 
1.01 
4.613' 

5.74 
6.40 
6.04 

__ 
r' ' 

0.92 
0.98 
0.96 

0.97 
0.92 
0.75 

0.57 
0.89 
0.82 

0.62 
1.00 
0.40 

0.96 
0.95 
0.40 

._ 
lesults Displayed 

i n  Figure 
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Figure 26, Crack growth r a t e  as a func t i on  o f  s t ress  i n t e n s i t y  
f a c t o r  f o r  A I S 1  4820. 
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r 

cylinder which had been heat treated and then s lo t ted .  The s imilar  re- 

s u l t s  for  both t e s t s ,  as shown i n  Figure 27, indicate tha t  residual 

s t resses  and microstructure were not the main reason for  the anomalously 

high m value. The 8620 s t e e l ,  however, displayed s igni f icant  crack 

closure, such t h a t  a sin o f  50 MPafi and 62 MPafi were used fo r  the 

two tests. The maximum stress intensi ty ,  80.7 MPafi, used i n  the second 

t e s t  approaches 70 percent of KIc. 

duced evidence of accelerating rates  of f a t igue  crack growth approaching 

Although many investigators have pro- 

f inal  fracture,  the separate contributions of A K  and sax have not been 

carefully examined . 
the accelerating rates  of crack propagation as the conditions fo r  f a i lu re  

a re  approached. The h i g h  values o f  sin and sax required t o  reach the 

20-40 MPah A K  range, due t o  crack closure, were apparently the cause of 

the steep slope o f  the log-log plot.  

closure is not a peculiari ty of the short-rod technique b u t  is caused by 

p las t ic  deformation or  residual s t resses  w i t h i n  the specimens. The anoma- 

lous behavior i s  not en t i re ly  explained by crack closure constraints since 

h igh  Kmax/KIc r a t ios  would normally cause crack growth ra tes  above 10 pm/cycle 

i f  catastrophic fa i lure  were occuring''. 

tu re  for  AISI 8620. 

AISI 9315: 

19 I t  appears tha t  bo th  A K  and sax contribute towards 

I t  should be stressed tha t  crack 

No data were found i n  the l i t e r a -  

9315 was the only s teel  tested fo r  which previous l i t e r a -  

ture  data could be found. Crack in i t i a t ion  studies on 931520 showed crack 

in i t i a t ion  occuring between 4 and 6 MPah and a value of 10 MPa& a t  0.01 

pm/cycle. 

of the observed data for  9315 gives a A K  o f  5 MPah a t  0.01 m/cycle.  An 

m value near 2 is a l so  consistent w i t h  w h a t  would be expected for  room 

temperature measurements on this s tee l  

Figure 28 agrees qui te  well w i t h  these data since an extrapolation 

16 . 

c 

I 
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Figure 27. Crack growth ra te  as a function of s t r e s s  intensi ty  
factor  f o r  AISI 8620. 
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CBS 600: CBS 600 was tested a t  300"C, as were CBS 1000M, EX-00053 

and X-2M. 

propagation rates16 i t  is not c lear  whether temperature changes the m 
19 values o r  simply increases (or  decreases) the crack propagation r a t e  . 

The t e s t s  of CBS 600 show a h i g h  degree of s c a t t e r  i n  the data (see Figure 

29) and the m value of 4.9 is  therefore somewhat arbi tary.  The 50.8 mm 

diameter cylinders tested i n  fatigue were from the same heat treatment t ha t  

produced the 154 MPa6 room temperature s t a t i c  f rac ture  toughness value. 

Although there were not enough 50.8 m cylinders t o  test the s t a t i c  tough-  

ness a t  300°C i t  is apparent t ha t  i t  drops rapidly,  asevidenced by the 25.4 

mm data and tha t  the 65.4 MPaG sax value i s  approaching KIc  f o r  the 

material. 

low crack growth ra tes .  

h e l p  t o  c l a r i fy  the fatigue behavior of this steel. 

Although i t  i s  widely known tha t  temperature a f fec ts  crack 

Crack closure was not a major problem w i t h  the lack o f  data a t  

Longer testing a t  A K  values near 20 MPah would 

CBS 1000M: 

shown i n  Figure 30. 

valid than the combined value of 2.4. 

955°C and the K I c  f o r  79.5 MPa6 i n  the s t a t i c  tes t  a t  300°C was approached 

by the sax o f  70.4 d u r i n g  the second test. 

closure observed i n  these specimens and the extrapolation of the data below 

a AK of 20 MPah is  not advised since no crack growth was observed i n  this 

The two tests on CBS lOOOM gave different results as 

The m value o f  3.2 f o r  test  number two may be more 

Both cylinders were austenit ized a t  

There was only minor crack 

region. 

EX-00053: No test  data could be obtained for  EX-00053 below a A K  

o f  40 MPafi, 

below a AK o f  40 MPah is  very a rb i t ra ry .  

so the extrapolation of the line shown i n  Figure 31 

The fac t  tha t  a l l  of the data 
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Figure 29. Crack growth rate as a function o f  stress intens 
factor for CBS 600. 
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Figure 30. Crack growth rate as a function of stress intensity 
factor for CBS 1000M. 
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Figure 31. Crack growth r a t e  as a function of stress in tens i ty  
factor  fo r  EX-00053. 

from the second test  a re  clustered around 10 pm/cycle lowered the m value 

from the 6.6 observed i n  the f irst  test  t o  4.7. 

obtained a t  A K ' S  between 40 and 50 MPah i f  longer tests (several days) 

were conducted. Crack closure was not a problem d u r i n g  these tests due 

t o  the h i g h  f racture  toughness o f  EX-00053 a t  300°C. 

More t e s t  data could be 

X-2M: Both tests on X - 2 M  showed consistent results (see Figure 32) 

w i t h  an m value of 6.0 for  the combined tests.  

MPah are  about 75-80 percent of the K I c  (63.5 MPah) observed d u r i n g  the 

s t a t i c  tests a t  300°C. 

sax values of 46.5 and 52.1 

The data,  however, a re  well within the reqion 

associated w i t h  s tab le  crack growth. 

Combined Data: The data from a l l  o f  the tests a re  displayed i n  

Figure 33. Although the data p o i n t s  fo r  8620 span the e n t i r e  length of 
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Figure 32. Crack growth r a t e  as a f unc t i on  o f  s t ress  i n t e n s i t y  
f a c t o r  f o r  X-2M. 
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Figure 33. Crack growth r a t e  as a func t i on  o f  s t ress  i n t e n s i t y  f a c t o r  f o r  
a l l  s t e e l s  tested. (Note t h a t  4820, 8620 and 9315 were tes ted  
a t  23°C wh i l e  CBS 600, CBS 1000M, EX-00053 and X-2M were tes ted  
a t  300°C. 
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the l ine ,  i t  must be emphasized tha t  the other l ines  a re  simply extrapola- 

t ions from the data a t  low and h i g h  A K  values. 

discussed, the data may not form a s t r a igh t  l i n e  i n  these regions depending 

on where crack propagation begins and catastrophic f a i l u r e  s t a r t s .  

As has been previously 

- 
Obviously, the best way t o  evaluate the data is t o  pick the A K  range 

associated w i t h  geothermal or  conventional dri 11 ing. 

AK range t o  which the bits are  presently subjected is  not known. An a l t e r -  

native method o f  evaluation would be t o  pick a crack growth r a t e ,  below the 

c r i t i c a l  r a t e  for  catastrophic f a i lu re ,  and observe the A K  a t  w h i c h  the 

Unfortunately , the 

r a t e  occurs i n  an individual s t ee l .  

method f o r  comparing the steels i n  the test program since a crack growth 

r a t e  can be picked w i t h i n  the experimental data o f  a l l  o f  the steels. 

The l a t t e r  approach i s  a better 

If  the steels i n  Figure 33 are  compared a t  a growth r a t e  (m da/dN) 

of 0.1 pmlcycle, EX-00053 and 8620 would c lear ly  have the highest A K  (30 

MPaJiii) while X-2M, CBS 600 and 4820 would be intermediate (20 MPafi) and 

9315 and CBS lOOOM would display this growth r a t e  a t  A K ' S  of approximately 

15 MPafi. I f ,  a l te rna t ive ly ,  the steels a re  compared a t  a growth r a t e  of 

1.0 pm/cycle then 9315, EX-00053 and 4820 display the highest A K ' S  (40-50 

MPafi) while 8620, CBS lOOOM and CBS 600 have the same growth r a t e  a t  a A K  

of 35 MPa& and X-2M a t  30 MPafi. The A K  o f  i n t e re s t  i s  obviously c r i t i c a l  

since a t  a stress in tens i ty  level of 30 MPafi, 8620 and EX-00053 have crack 

growth ra tes  an order of magnitude slower than 9315 and CBS 1000M. 

A K  of 50 MPahi, however, the crack propagation r a t e  in 9315, EX-00053 and 

A t  a 

4820 is a t  least an order o f  magnitude slower than 8620 and X-2M. 

The data generated suggest a wide variation i n  the room-temperature 

fatigue behavior o f  4820, 8620 and 9315 which i s  not completely under- 
I 
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stood a t  this time. 

wear resistant steels are certainly within the scatter of the conventional 

The 300°C fatigue crack resistance data  fo r  the high 

steels a t  room temperature. 

display adequate fatigue crack resistance when used a t  elevated temperature, 

based on the infrequent fatigue failures experienced by 4820, 8620 and 9315 

in dril l  bits. Based on the limited testing performed, EX-00053 appears t o  

show improved fatigue crack resistance when compared t o  CBS 600 and X-2M. 

I t  would also appear t h a t  EX-00053 i s  superior t o  CBS lOOOM a t  AK'S less 

I t  would appear t h a t  al l  of the steels will 

than 78-80 MPaA. 8620 i s  clearly superior t o  9315 and 4820 a t  AK's up 

t o  30 MPah b u t  9315 and 4820 could only be used above 40 MPah since cracks 

i n  8620 grow catastrophically above this stress intensity. 

SEM micrographs displayed in Figures B19 th rough  B32 (see Appendix B )  

compare the fracture surfaces of fatigued samples t o  their statically 

tested counterparts a t  a corresponding temperature. 

differences between the mode of fracture i n  the static fracture toughness 

tests and the fatigue crack resistance tests. All samples appear t o  have 

failed in a ductile mode caused by microvoid coalescence. Striations are 

normally not  observed in martensitic  structure^'^ and none were observed 

on the fractured surfaces of the fatigued samples. 

tests were consistently larger t h a n  the voids on the fatigued surfaces, con- 

firming the much faster speed a t  which the fracture toughness measurements 

were made. The reason for the high m value for 8620, in contrast t o  nor- 

mal m values for 4820 and 9315, was not  explained by the SEM micrographs. 

Further fatigue testing is  needed t o  clarify the behavior and t o  quant i fy  

di f ferences between the s tee1 s . 

There were no major 

The dimples on static 
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1. 

2. 

3. 

4. 

5. 

CONCLUSIONS 

Both conventional and h i g h  wear r e s i s t an t  steels displayed wide varia- 

t ions i n  f rac ture  toughness over the temperature range 23°C t o  400°C. 

I t  is  therefore important t o  characterize the f rac ture  behavior of 

steels i n  the temperature range of operation. 

Steels  having microstructures of 100 percent tempered martensite 

(CBS 1000M, EX-00053, X-2M and 9315) displayed nearly constant o r  

increasing toughness above room temperature, whereas steels containing 

mixed microstructures (4820, 8620 and CBS 600) decreased s igni f icant ly  

i n  f rac ture  toughness i n  the temperature range 23°C t o  300°C. 

EX-00053 and CBS lOOOM were the only steels tested which displayed 

s igni f icant ly  h ighe r  toughness than 931 5 over the enti re temperature 

range. 

enti re temperature range. 

countered a t  the Geysers (150-3OO0C), a l l  o f  the steels tested have 

9315 was superior in  toughness t o  4820 and 8620 over the 

In the temperature range normally en- 

toughness a t  l e a s t  equivalent t o  4820 and 8620. 

rotat ion speeds and higher loads a re  applied t o  increase penetration 

I f  accelerated b i t  

ra tes ,  EX-00053 and CBS lOOOM are the two steels most capable of 

withstanding greater  impact loading. 

EX-00053 and CBS lOOOM displayed an increase i n  toughness between 

23'C and lOO"C, associated w i t h  a bri t t l e - to-duct i le  f rac ture  t ransi-  

t ion.  

ture t o  264.6 MPa& a t  100°C. 

Fatigue crack resis tance measurements a t  300°C f o r  CBS 600, CBS 1000M, 

EX-00053 and X-2M were well w i t h i n  the s c a t t e r  i n  fa t igue behavior 

EX-00053 increased i n  toughness from 103.6 MPah a t  room tempera- 
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observed f o r  4820, 8620 and 9315 a t  room temperature. Although the  

fa t i gue  data f o r  these s tee l s  are l i m i t e d  t o  date, they suggest t h a t  

a l l  o f  the  s t e e l s  have enough f a t i g u e  crack res is tance t o  wi thstand 

present geothermal d r i l l  i n g  condi t ions . EX-00053 has super io r  f a t i g u e  

crack res is tance a t  AK's l ess  than 50 M P a a  and appears t o  be the 

bes t  candidate f o r  use a t  300°C. 

t i o n  ra tes  a t  AK'S l ess  than 30 MPaf i  when compared t o  4820 and 9315 

8620 d isp layed slower crack propaga- 

a t  room temperature, and 9315 i s  c l e a r l y  super io r  above 50 MPafi. 

Since b i t  f a i l u r e  i s  usua l l y  associated w i t h  wear, i t  would appear 

t h a t  st.udies o f  the h o t  hardness and wear res is tance o f  these s tee l s  

should be conducted on a comparable basis. A cos t  comparison, as 

we l l  as f a b r i c a t i o n  considerations (heat  t rea t i ng ,  mach inab i l i t y ,  

we1 dabi 1 i ty  , etc. ) i s  a1 so needed t o  determi ne the  economic consequences 

o f  using h igh  wear r e s i s t a n t  s tee l s  t o  ob ta in  improved penet ra t ion  

rates.  

6. 
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TABLE A 1  

Brookhaven Geothermal Naterials Contract Fracture Toughness Data 

Steel Type 
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HEAT TREATMENTS - I  

Code 

' A  

- 

B 

C 

D 

E 

F 

G 

1. 

2. 

3. 

1. 

2. 

3. 

1 .  

2. 
3. 

1. 

2. 
3. 

4. 

1. 

2. 
3. 
4. 
5. 

1. 

2. 
3. 

4. 

1. 
2. 

3. 
4. 

5. 
6. 

Procedure 

Pseudo carburized i n  s ta in less  s tee l  envelope f o r  seven hours 
a t  1700°F (925°C). Air cooled. 
Austeni ti  zed a t  1525°F (830°C) fo r  one hour. Water quenched 
w i t h  rigorous agi ta t ion.  
Immediately tempered a t  450°F (230°C) fo r  two hours. 

Pseudo carburized i n  s ta in less  s tee l  envelope fo r  seven hours 
a t  1700°F (925°C). Air cooled. 
Austeni t i  zed a t  1 560°F (850°C) fo r  one hour. Water quenched 
w.i t h  rigorous agitation. 
Immediately tempered a t  450°F (230°C) f o r  two hours. 

Pseudo carburized for  seven hours a t  1700°F (925OC) i n  s ta in less  
s tee l  envelope and o i l  quenched a f t e r  withdrawal from envelope. 
Reheated t o  1500°F (815°C) and held fo r  30 minutes. 
Double tempered a t  350°F (175°C) fo r  two hours each cycle. 

Pseudo carburized fo r  seven hours a t  1700°F (925°C) i n  s ta in less  
s tee l  envelope and oi 1 quenched a f t e r  withdrawal from envelope. 
Conditioned a t  1200°F (650°C) fo r  two hours. 
Reheated i n  s a l t  to  1535°F (835"C), held 25 minutes (1+30 m i n .  
to ta l  time) and o i l  quenched w i t h  vigorous agi ta t ion.  
Double tempered a t  600°F (315°C) for  two hours each cycle. 

Pseudo carburized seven hours a t  1700°F (925°C) i n  s ta in less  
s tee1 envelope and oi  1 quenched a f t e r  w i  thdrawal from envelope. 
Conditioned a t  1200°F (650°C) fo r  four hours. 
Reheated t o  1550°F (845°C) and held fo r  30 minutes. 
Cold treated a t  -120°F (-85°C) for  two hours. 
Double tempered a t  600°F (315°C) for  two hours each cycle. 

Oil quenched. 

O i l  quenched. 

Pseudo carburized for  seven hours a t  1700°F (925°C) i n  s ta in less  
s tee l  envelope and o i l  quenched a f t e r  withdrawal from envelope. 
Conditioned a t  1200°F (650°F) fo r  two hours. 
Reheated i n  s a l t  t o  1600°F (870°C) and held 25 minutes (1+30 min .  
t o t a l  time). O i  1 quenched w i t h  vigorous agitation. 
Double tempered a t  600°F (315°C) for  two hours each cycle. 

Preoxidized a t  1700°F (925°C) for  0.5 hour. 
Pseudo carburized for  seven hours a t  1700°F (925°C) i n  s ta in less  
steel envelope and o i l  quenched a f t e r  withdrawal from envelope. 
Conditioned a t  1200°F (650°C) for  two hours. 
Reheated t o  1750°F (955°C) fo r  25 minutes a t  heat (1+45 to ta l  
time) i n  a s ta inless  s teel  wrap and o i l  quenched. 
Cold treated a t  -120°F (-84°C) for  three hours. 
Double tempered a t  600°F (315°C) fo r  two hours each cycle. 
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Code 

H 

I 

J 

K. 

L. 

M. 

Procedure 

1. 
2. 

3. 
4. 

5. 
6. 

1.  

2. 
3. 
4. 

1. 

2. 
3. 
4. 
5. 

Preoxidized a t  1700°F (925°C) for  0.5 hours. 
Pseudo carburized for  seven hours a t  1700°F (925°C) in s ta in less  
s teel  envelope and oi 1 quenched a f t e r  w i  thdrawal from envelope. 
Conditioned a t  1200°F (650°C) fo r  two hours. 
Reheated i n  individual stainless wrap t o  1550°F (815°C) for  30 
minutes a t  heat, then heated t o  2000°F (1090°C) and held for  
10 minutes. Oil quenched. 
Stress relieved a t  700°F (370°C) for  one hour. 
Triple tempered a t  1000°F (535°C) fo r  two hours each cycle. 

Pseudo carburi zed a t  1700°F (925°C) i n  s ta in less  s tee l  envelope 
and oi 1 quenched a f t e r  w i  thdrawal from envelope. 
Reheated t o  1750°F (955°C) and held for  30 minutes. 
Cold treated a t  -120°F (-85°C) for  two hours. 
Double tempered a t  600°F (315°C) for  two hours each cycle. 

Pseudo carburi zed a t  1700°F (925°C) i n  s ta in less  s teel  envel ope 
and oi 1 quenched a f t e r  withdrawal from envelope. 
Conditioned a t  1200°F (650°C) for  four hours. 
Reheated t o  1675°F (915°C) and held f o r  30 minutes. 
Cold treated a t  -120°F (-85°C) for  two hours. 
Double tempered a t  600°F (315°C) for  two hours each cycle. 

I 

Oil quenched. 

Same as  J except tempered a t  800°F (425°C) fo r  two hours each cycle. 

1 .  Pseudo carburized i n  s ta in less  s tee l  envelope for  seven hours 
a t  1700°F (925°C). Air cooled. 

2. Austenitized a t  1675°F (910°C) for  one hour. 
rigorous agi t a t i  on. 

3. Tempered a t  800°F (425°C) for  one hour. 

1. Pseudo carburized i n  s ta in less  s tee l  envelope fo r  two hours a t  
1850°F ( 1010°C). Air cooled. 

2. Austenitized a t  2050°F (1120QC) for  20 minutes. A i r  cooled. 
3. Double tempered a t  600°F (315°C) for two hours each cycle. 

Oil quenched w i t h  
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Figure B1. AISI 4820. Room Temperature Static Test. 
Ductile Fracture (300X). 

Figure B2. AISI 4820. 3OOOC Static Test. Ductile 
Fracture (300X). 



, 

Figure 64. A I S 1  8620. 3OOOC Static Test. Ductile 
Fracture (300X). 
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Figure B5. AISI 9315. Room Temperature Static Test. 
Ductile Fracture (300X). 

I 

* 

Figure B6. AISI 9315. 100°C Static Test. Ductile - Fracture (300-1 200X). 
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Figure 87. CBS 600 (Heat Treatment F). Room Temperature 
Static Test. Ductile Fracture (100-3OOX). 

Figure BS. CBS 600 (Heat Treatment D ) .  Room Temperature 
Static Test. Ductile Fracture (300X). 
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. Figure B9. CBS lOOOM (Heat Treatment I ) .  
lest. 2 5 7 5 %  Britt le Cleavage (300-12OOX). 

Room Temperature Static 

Figure B10. CBS 100OM (Heat Treatment I ) .  100°C Static Test, 1 

e Ducti 1 e Fracture (300-1 200X). 

I 
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Figure Bll. CBS lOOOM (Heat Treatment I). 3 O O O C  Static Test.. 
Ducti 1 e Fracture (300X). 

Figure. B12. CBS 1OOOl’l (Heat Treatment H ) .  Room Temperature 
c Static Test. Brittle Cleavage (300X). 
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Figure 814. EX-00053. 100°C Static Test. Ductile 
Fracture (300X). 
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Figure 816. Vasco X2M. S t a t i c  Test. Brittle 
C1 eavage (300X). 
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Vasco X2M. 2 0 0 ° C  Static Test. 
25% Brittle Cleavage (30 

Figure B18. Vasco X2M. 3 O O O C  Static Test. Ductile 
Fracture (30OX) .  
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Figure B19. A I S  



Figure 822. A I S 1  8620. Room Temperature Static Test (19OOX) .  



Figure B24. AI SI 9315. Room Temperature Static Test ( 1 9 O O X ) .  
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I t  
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~ 

Figure B25. CBS 600 (Heat Treatment D) .  3OOOC Fatigue Test (2000X). ~ 

~ 

I 

c Figure 826. CBS 600 (Heat Treatment D) .  300°C S t a t i c  Test (1850X). 
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Figure B 2 8 .  CBS 1OOOM (Heat Treatment G ) .  3OOOC Static Test (2000X). 
6, 
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APPENDIX C 

PROGRAM PARTICIPANTS 
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CBS Steels  

Timken Company 
3901 MacArthur Boulevard 
Suite 104 
Newport Beach, California 

Paul Garmus 
(714) 955-1700 

92660 

Timken Research Center 
1835 Deuber S.W. 
Canton, Ohio 44706 

Chester F. Jatczak 
(216) 497-2009 

EX-00053 

Carpenter Techno1 ogy Corporation 
Carpenter Steel Division 
P.O. Box 662 
Readi ng , Pennsyl vani a 

Walter E. Burd 

19603 
(215) 371-2000 

Vasco X2M 

Tel edyne/Vasco 
P.O. Box 151 
Latrobe , Pennsyl vani a 

Richard J.  Henry 

15650 
(412) 537-5551 
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