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ABSTRACT 

The R. R. Moore rotating-beam fatigue test was used to determine 

the effects of-increased surface decarburization on the fatigue I ife of 

SAE 1042 steel. This test was conducted on three series of test specimens: 

(1) specimens having no surface decarburization (series D-1), (2) 

specimens having a 0 .038 inch (0. 97 mm) decarburized surface layer 

(series D-8), and (3) specimens having a 0.080 inch (2.03 mm) 

decarburized surface layer (series D-24) . In addition to the fatigue 

tests, the change in various tensile properties resulting from surface 

decarburization was investigated for each of the three test series utilizing 

the standard ASTM tensile test. 

Careful study of the fractured fatigue specimens by scanning 

electron microscopy (SEM) revealed important information as to the 

nature and morphology of fatigue striations present in medium carbon 

steels, and established the "quasi-striation" pattern as the primary 

microscopic identity present in normalized SAE 1042 steel. 

Results of the fatigue tests indicated that the initial decarburization 

depth had the greatest effect on the fraction of life degradation, while the 

tensile properties tests proved that the tensile properties, ultimate tensile 

strength CUTS) and yield strength (YS), originally reduced by surface 

decarburization, could be restored with proper machining practices. 
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In essence the study showed: 

1. A decarburized surface layer severely reduces fatigue I ife. 

2. Fatigue life decreases with an increase in the decarburization 

depth. 

3. Removal of the decarburized surface layer completely restores 

the initial tensile properties. 

4. Macroscopic fracture surface appearance is not affected by the 

presence of deca rbur i zation. 
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5. Three distinct fracture surface appearances exist in the applied 

stress range of a fatigue curve: (1) a "jagged" fracture surface 

at high stresses (above the YS), (2) a "ratcheted" fracture 

surface at medium stresses (approximately 1 /2 of the UTS), and 

(3) a "smooth" fracture surface at low stresses (approximately 

1/2 of the YS). 

6. Striations are invariably more prone to form in primary ferrite. 

7. Striation density is enhanced by ( 1) a reduction in the applied 

stress, and (2) an increase in the depth of surface 

decarburization. 

8. No direct correlation between applied stress and striation spacing 

can be determined for materials which exhibit primarily "quasi­

striation" fatigue patterns. 

Particular emphasis was given the implementation of computerized 

statistical data analysis. The unique combination of the statistical 
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analysis system (SAS) and curve fitting programs, specifically developed 

for this study is discussed. 
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NOMENCLATURE 

AA · - Arithmetical Average 

A3 = austenite-ferrite allotropic transformation 

A.R. = as received condition 

ASM = · American Society for Metals 

ASTM = American Society for Testing and Materials 

oc = degrees Centigrade 

C.F . = cold finished 

CLA = center line average 

cpm = cycles per minute 

Decarb = decarburization 

D-1 = decarburized at 1 sso°F (843°C) for one hour 

D-8 = decarburized at 1 sso°F (843°C) for eight hours 

D-24 = · decarburized at 1 sso°F (843°C) for 24 hours 

DPH = diamond pyramid hardness 

E = strain (in/in) 

OF = degrees Fahrenheit 

Fe3C = iron carbide 

FeO = iron oxide 

K = stress intensity factor 

M = mega (106) 

MN/m2 
= Mega-Newton per square meter 
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CHAPTER 1 

INTRODUCTION AND HISTORICAL REVIEW 

The effect of decarburization on fatigue life was once a very 

controversial topic. Following a surge of activity in the 1930's with a 

general consensus ·that decarburization was detrimental to fatigue life 

(14, 32, 33), a renewed interest during the 1940 1s and 19501s concluded 

that in some cases decarburization caused little if any decrease in fatigue 

strength (28, 44, 61). The dispute over the degree of damage_caused by 

decarburization remained, although to a lesser extent, a topic of 

discussion into the early 1960's (67). While most recent literature now 

states emphatically that decarburization is detrimental to fatigue life, 

there exists little quantitative data supporting these statements (5, 42, 

64, 68). 

As one might expect, the decrease in fatigue life was and remains a 

primary concern of the automotive industry. What is surprising is the 

lack of suitable standards by which to control the acceptabi I ity of 

decarburized automotive parts. While ASM, ASTM, and SAE state that 

decarburization is detrimental to fatigue strength, neither ASM, ASTM, 

nor SAE have published, in open literature, any statements regarding the 

acceptability of decarburized automotive parts. 



Factors Affecting Fatigue Life 

Several factors commonly affect the fatigue behavior of a part. A 

discussion of the variables affecting the fatigue failure is complex, due to 

the large number of macroscopic and microscopic parameters. 

Macroscopic parameters . Macroscopic parameters include ( 1) state 

of stress, (2) surface condition, and (3) residual stress. 

Failures are generally caused by repeated loadings below the yield 

strength (YS) . The endurance stress (Se), which is generally defined 

2 

as the maximum value for which a plain specimen can sustain 10 7 cycles 

without failure (3 1, 49, 68), is greatly influenced by the state of stress 

(uniaxial verses multiaxial), as well as the stress range (Sr) and the 

stress amplitude (Sa). The rate of loading is also a variable (24, 53). 

Collection of uniaxial stress data is commonly associated with completely 

reversed bending, as in a R. R. Moore rotating-beam fatigue test in which 

the test specimen experiences pure bending. The bending stress in a 

rotating-beam test alternates continuously between a maximum tension 

and a maximum compression (both values equal in magnitude to the 

applied stress); the mean stress (Sm) remains zero at al I times . However, 

for unidirectional bending (plane bending), the mean stress is, generally, 

greater than zero; and the test specimen experiences a bending stress as 

well as a shear stress. The endurance limits obtained with unidirectional 

bending may differ considerably from the endurance limits (using the 



same material) obtained with rotating-beam tests (27, 31). 

Surface roughness can greatly affect the fatigue life of any part. For 

ground and polished ferrous parts, the endurance stress (Se) may be 

taken as approximately 50% of the ultimate tensile strength (UTS), 

while the Se of as-forged parts is approximately 10% of the UTS. Se 

values for machined finishes such as turning, milling, shaping, and 

polishing with emery paper range from 25% to 40% of the UTS (34, 49, 

68). Horger (41) reported that the endurance limit of "soft steels" does 

not vary appreciably over a range of "fine to rough" turned surface 

finishes, but specimens of the same material wit.h a  polished surface 

finish had an increase in endurance I imit of 10%; however, he found no 

variation in the endurance limit of ground, polished, and super-finished 

"soft steels . 11 Fluck (26) reported that polishing of lathe-turned 

specimens increased the endurance limit as much as 400% in annealed 

SAE 1035 steel. 

Mechanical and thermal processing of ferrous alloy parts commonly 

involves a surface treatment to obtain an increased fatigue life or 

improved wear resistance and frequently requires an additional 

machining operation for dimensional tolerances and surface finish. 

Typical examples are leaf springs, automotive axles, and aircraft landing 

gears. Surface treating operations include cold working, altering the 

mic�ostructure as in induction hardening, and changing the chemical 

composition as in carburizing, cyaniding, or nitriding. In all surface 

3 



treatments and machining operations, residual stresses, those stresses 

which would exist in an elastic body if all loads were removed, may be 

generated (3) . 

Cold working a material as in cold rolling or shot peening involves 

straining the material beyond the yield point (VP), causing the material 

4 

to flow plastically. This process increases the material 's resistance to 

further plastic deformation by increasing the yield strength (VS) of the 

outer surface, but more importantly produces a beneficial residual stress 

pattern (3 1 ,  49) . One of the more common surface treatments involving 

an alteration of the microstructure is induction hardening. Residual 

stresses in this type of treatment are induced by a phase change resulting 

from the quenching of a hardenable steel . The volume change associated 

with the formation of martensite in the surface of the steel gives rise to 

compressive stresses at the surface and tensile stresses at the interior 

(3, 6, 27, 49) . It is a wel 1 -establ ished fact that compressive residual 

stresses are considered beneficial to fatigue life in bending. While the 

influence of continued cyclic loading may somewhat reduce these stresses, 

the addition of a compressive residual stress and an applied tensile stress 

results in a reduced working stress at the surface, where stresses are 

usually a maximum (3, 40, 4 1 ,  43, 49, 58, 68). 

Certain machining processes (grinding in particular) may produce 

tensile residual stresses in the outer surface. Richards (60) found that 

while turning, recessing, and polishing with emery paper produced 



compressive res idual stresses, grind ing produced high tens ile stresses 

in the surface which extended from O. 002 inches (0. OS  mm) to O. 024 

i nches (0. 6 1  mm) below the surface due to the thermal action of the heat 

generated. Horger (43) reported that the grinding process produced a 

deterioration of the mechanical propert ies in the surface _material. Others 

5 

(2, 39, 68) have reported that grinding produces tensile residual 

stresses, some so great that micro-cracking of the surface was observed 

(3, 3 1 ) . Hendr iksen (36) , one of the first invest igators to estimate the 

magnitude of residual stresses produced by various machining operations, 

pointed out that residual stresses increase as the carbon content 

decreases. In tests conducted on SAE 1 020 steel, us ing a s ingle point tool 

with a lengthwise planing process, he found that res idual stresses almost 

as great as the UTS (approximately 1 .  0 x 1 0 5 ps i) ex isted in  areas of high 

stress concentration. L ipson, Noll, and Clock (49) suggested that 

residual stresses less than 2. 5 x 1 o4 psi should be neglected, but Spotts 

(68) postulated that the combinat ion of an appl ied high tens ile stress and 

a high residual stress resulting from a machin ing operat ion such as 

grind ing would give premature failure. 

M icroscopic parameters . M icroscopic parameters which ex ist are 

( 1 )  core microstructure, (2) surface microstructure, (3) surface 

carbides, (4) intergranular ox idation, (5) surface ox idation, and (6) 

internal oxidation . 
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Properties of the core materia I often differ from those exhibited by the 

surface material. An example is the induction hardening process which 

. was explained earlier. The microstructure, whether of the core or of the 

surface, may contain ferrite, pearlite, martensite, tempered martensite, or 

some combination of these. In situations where contrasting core and 

surface microstructures exist, the presence of high tensile residual 

stresses at the core/case juncture may lead to premature failure (39, 44). 

Surface carbides, intergranular oxidation, surface oxidation, and 

internal oxidation all may cause adverse service conditions. Grover (3 1 )  

has stated that one of the most important factors governing the strength 

of heat treatable steels is the size, shape, and distribution of carbides 

(Fe3C) . Brittle particles such as carbides in the surface act as sites of 

stress concentration, causing early crack initiation. lntergranular 

oxidation, sometimes cal led grain boundary oxidation, occurs about 

1 740°F (950°C) when the oxidizing action of the atmosphere develops 

oxide (FeO) particles along the original austenite grain boundaries (42) .· 

· Surface oxidation (scale) occurs readily in most oxidizing atmospheres 

above 900°F (482°C) . Both intergranular and surface oxidation provide 

sites of high stress concentration which eventually lead to premature 

failure. Internal oxidation results in the formation of voids and oxide 

particles (inclusions) which can lower the fatigue strength markedly 

due to the increased crack propagation rates ( 1 6, 55, 59, 63, 65) .  
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Prior Work Invo l v i ng Deca rbur i zation 

Du r i ng the 1 9 2 0 1 s and th roughout the 1 9 30 1 s con s i dera b l e  i nformation 

was pub l i shed wh ich  a rgued that deca rbu r i zation wa s detr i menta l to 

fat i gue l i fe ( 4 ,  1 4 , 2 8 ,  2 9 , 3 2 , 3 3 ) . The data of th i s  t i me con s i sted 

p r i ma r i l y  of com p l ete l y  rever sed bend i ng tests a nd the conc l u s ions w ere 

ba sed so le ly  on comp l ete ly  reversed bend i ng data and the end u ra nce 

l i m i t . Statements refer r i ng to th i s  wo rk a re common l y  seen i n  texts 

through the 1 9 SO ' s  ( 1 7 , 2 0 ,  3 1 , 4 1 , 6 1 ) . Pos s i b l y  due to the wa r effort 

du r i ng the ea r l y  1 9 40 ' s , a renewed i nterest devel oped i n  fat i gue fa i l u re 

a na lys i s . These data were ma i n ly col l ected for h igh ca rbon stee l s ,  but 

d i d i nc l ude non- reversed bend i ng data . These stee l s  were m uch h i gher 

in  u l t i mate ten s i le strength ( UTS)  tha n mater ia l s  previou s l y  tested , a nd 

the res u l t  wa s a confl i ct i n  the conc l us ions concern i ng the effect of su rface 

deca rbu r i za tion; the la tter data i nd icated that deca rbu r i zat ion had I i tt l e ,  

i f  any , effect on fat igue l i fe deg radat ion , wh i l e  the ea r l i er data stated that 

deca rbur i za tion wa s detr i menta l to fat igue l i fe .  I m p l icat i on s of the non­

reversed bend i ng tests a nd the h i gh er strength stee l s rema i n  to b e  

adequate ly  d i scus sed i n  pub l i shed l i tera tu re ( 1 7 , 3 1 , 3 5 ,  4 4 ,  6 1 ) . A 

categor i za tion of th e major resea rcher s ,  the type of study cond ucted , and 

the i r fi nd i ngs a re presented in Ta b l e  1 .  

Hank i n s  and B ecker (3 2 ,  33 )  d id extens i ve testi ng on s p r ings , 

contro l l i ng both the s u rface fi n i sh and the deca rbu r i zat ion . They 

conc l uded that both the s u rface fi n i s h  and the deca rb u r i zation ca used 
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TAB LE 1 

FI NDI NGS OF DECARB URI ZATI ON RELATED FATI GUE TESTS 

Weight 
Method Percent Surface 

Reference of Testing Carbon Condition Conclusions 

1 A 0 . 40 1 
25 A 0 . 94-1 . 05 1 
28 A 0 .  36-0 . 79 2 
32 A & B  0 . 54-0 . 55 2 
33 A & B 0 . 32-0 . 60 2 
44 A 0 .40 2 
61 B 0 . 60 2 
67 A 0 . 61 1 

A = Rotating-B eam; Mean Stress Equal to Z ero. 
B = Unidirectional B ending; Mean Stress Greater than Z ero. 

1 = Decarburized. 
2 = Decarburized and Non-Decarburized. 

= Decarburization Increases Fatigue Life. 
N = No Appreciable CJ:tange in Decarburized and 

Non-Decarburized Test Results. 
D = Decrease in Fatigue Life Due to Decarburization. 

NC = Non-Conclusive. 

D 
NC 
I & D 

D 
D 

N & D  
I & D 

D 
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a decrease in fatigue life; however, decarburization was found to be the 

more detrimental of the two. Failure was explained by the early formation 

of a crack in the softer decarburized_ layer which resulted in a stress 

concentration at the crack tip. With the a id of stress concentration the 

crack then propagated into the !WO-phase material, eventually causing 

failure . 

Burns· (18) reported that a high-silicon, low-mangan�se spring steel 

is less liable to premature failure than one containing high manganese, 

due to the mechanical defects on the surface . He found that a high silicon · 

co.ntent reduces the tendency to scaling during heat treatment, but at the 

same . time promotes deep surface decarburization, while manganese has 

the opposite effect with regards to both scaling and decarburization. 

Andrew and Richardson (4) reported that surface decarburization is 

dependent on · the furnace temperature, the gaseous conditions within the 

furnace, and the temperature of removal from the furnace. They found that 

spring steels which have a non-scaled, heavily decarburized surface give 

more efficient quenching than specimens having a thick tenaceous scale 

and I ittle or no decarburization. 

In 1934 Gill and Goodacre (28) conducted tests on patented steel wire. 

In commercial drawing practices at that time, all wire manufactured for 

service in the form of rope had a decarburized surface layer . Fatigue 

tests run at corresponding stress levels indicated that the number of 

bends for the decarburized wire was higher than the number of bends for 
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w i re d rawn free from deca rb u r i zation . J ack son and Pocha psky (44) 

postu l ated tha t fati gue strength wa s control l ed by the strength of the 

fer r i te i n  the deca rb u r i zed l ayer . They found , as d i d  G i l l  a nd Goodac re ,  

that deca rbu r i zat ion ha s a l es ser effect on the fraction o f  l i fe deg radation 

a t  h i gh stres s l eve l s  tha n at  stres s l eve l s  nea r the end u ra nce l i m i t . 

Jackson and Pocha psky a l so found tha t a s  the co re ha rdnes s i nc rea sed , 

i n  genera l ,  the fat igue l i fe decreased ,  a lthough the ha rdness of the 

deca rbu r i zed l ayer rema i ned es sent ia l ly uncha nged . 

I n  1 9 57  Rob i nson ( 6 1 ) , a s uperv i sor i n  meta l l u rgy resea rch a t  

Genera l Motor s Corporation , cha l l enged t h e  ea r l i er wo rk o f  Han k i ns a nd 

Becker ( 3 2 , 3 3 )  by po i nt i ng out that no fi n i s h i ng wa s g iven the 

deca rbu r i zed test spec i men s ,  wh i l e the non-deca rbu r i zed s pec i mens were 

mach i ned a nd po l i shed a fter the heat  treatment . He  suggested tha t a 

mater ia l w h i ch i s  deca rbu r i zed m i ght be s uper ior to the non-deca rbu r i zed 

mater ia l a t  one stres s l eve l a nd i nfer ior  at  other stres s l eve l s . 

Sp i eg l er , Wei s s ,  a nd Ta ub ( 67)  d i d extens i ve resea rch on both 

deca rbur i zed a nd non-deca rbu r i zed stee l s i n  1 9 64 and found that w h i l e  

ea r l i er crack formation occu red i n  the deca rbur i zed s pec i mens , the 

deca rbu r i zation did not a ffect the c rack propagation rate ,  s uggest i ng that 

the depth of deca rbu r i zat ion ha s no effect on fa ti gue strength . Th i s  

i nforma tion confl icted w i th th e ea r l i er statements o f  Cauzaud ( 2 0 )  , who 

reported that fati gue I i fe decrea sed a s  the depth of deca rbu r i zation 

i nc rea sed , but d id ag ree w i th Boegeho l d  ( 1 4) , who had repo rted a s  ea r ly 



as 1 937 that a thin decarburized surface layer was just as damaging to 

fatigue life as a deep decarburized surface layer . Other investigators 

1 1  

( 1 7, 60, 66, 68, 70) have stated that decarburization reduces fatigue life, 

but have provided no data in support of their statements. 

I n  1974 Shah (64) pointed out in a report involving aircraft accidents 

that forged parts such as exhaust rocker arms, main rotor drag brace 

clevices, and spring legs of main landing gears, where a machining 

operation should have completely removed any surface decarburization, 

had failed prematurely due to the presence of O .  010 inches (0. 3 mm) to 

0. 024 inches (O . 6 mm) of surface decarburization . 

Although more than 25  years have passed since the resurgence of 

interest in fatigue failures during World War II , data from various 

researchers is still in apparent disagreement. Some of the disagreement 

is most likely due to inadequate control of variables such as surface 

roughness, residual stresses, and decarburization depths . However, 

other data differences are not so simply res_olved, partially due to the lack 

of data, such as using two or three specimens to define the endurance 

limit and non-analytical curve fitting with a small number of specimens. 

The work reported here is an attempt to more carefully define the 

experimental variables and to analyze all data statistically. 

Applications of Electron Fractography 

Utilization of electron microsc�py in failure analysis began about 
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19 50. Although still in its infancy, electron microscopy helps to develop 

quantitative relationships between microstructure, fracture surface 

morphology , and mechanical properties measurements (11, 69). 

Macro-examination of a fracture surface can establish evidence of 

gross mechanical abuse , whether excessive corrosion exists , whether 

there are obvious secondary fractures, whether the origin of the crack 

can be readily identified , and whether the direction of crack propagation 

can be easily recognized . Micro-examination can es tab I ish the mode of 

failure: brittle fracture, ductile fracture , or fatigue, as well as 

determine whether surface discontinuities such as forging laps, 

secondary cracking, and corrosion pits are present in the surface 

adjacent to the fracture. X-ray energy dispersion analysis is particularly 

useful in identifying the composition of constituents , inclusions , and 

surface residues (7 , 10, 11 , 13, 38, 69) . 

Previous Fractographic Fatigue Studies 

Establ ishing the origin of a fracture is essential in failure analysis, 

· and the location of the origin may play a major role in determining what 

measures should be taken to prevent future fractures. One of the most 

important characteristic patterns of a fatigue fracture is the presence of 

fatigue str iations. The existence of striations can be regarded as positive 

proof that a condition of cyclic loading existed; however , the absence of 

striations should not be interpreted as definite proof that the part did not 



experience cyclic loading. Some materials (particularly high strength 

steels) do not readi ly form fatigue striations (7, 46) . Macro-striations 

such as "beach marks" can trace the crack back to its point of origin, 

where microscopic examination can ascertain whether initiation resul ted 

from an inc lusion, a segregated phase, a machining notch, or some other 

type of discontinuity. Micro-striation patterns can give a complete 

history of successive positions of the crack front, provide certain 

approximations as to the origin of the principal applied stress, determine 

qualitatively the magnitude of the app lied stress, give estimates of crack 

propagation rates, and help categorize mechanisms of fatigue fail ure 

(7 I 23, 46 , 56) • 

1 3  

Laird and Smith (48) suggested, as did Christensen and Harmon (2 1) ,  

that the spacing of a fine initial striation would increase as the depth of the 

crack increased, due to the increased stress . McM i 1 1  ian and Hertzberg ( 51) 

conducted studies on aluminum alloys and found that fatigue cracks 

propagated in a discont inuous way, a theory later substantiated by 

Grosskreutz (30) and other researchers ( 1 0, 38) . Sih, van Elst, and 

Broek (65) postulated, as did Cottrell (22), that fatigue failure initiated 

with the nucleation and growth of localized micro-cracks . Others (45, 62) 

further expanded the crack propagation theory by stating that the 

controlling parameter in fatigue cracking was the stress intensity factor, K. 

During this time much concern developed over the presence of 

inclusions in aluminum alloys. Pelloux (55) stated that the presence of 
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inclusions, ranging in size from one to ten microns, was known to 

marked ly lower the fatigue strength in stee ls . He conducted tests on 

a luminum and found, as did the earlier researchers, that the macroscopic 

crack propagation rate was higher in "dirty" a l loys than in "clean" al l oys . 

Schijve (63) reported that the effect of inclusions on crack propagation in 

a luminum is smal l when the crack rate is low, but increases as the 

propagation rate increases or residual stresses appear. He a lso found 

that a crack propagated faster in the less ducti le a l loys, providing, of 

course, the manufacturing process was the same . This was in agreement 

with the earlier findings of Weiss, Niedwiedz, and Breuer (70), who 

reported the propagation rates in steels increased as the degree of 

embrittl ement increased . Broek (16) indicated that fracture of structural 

a l loys resulted from the initiation and growth of voids at second phase 

partic les, pointing out that the cracking of the partic les, ranging in size 

from one to 20 microns, resulted in a large number of voids forming 

around the crack tip . 

Beachem ( 1 2) did extensive work with 2024-T3 a luminum and found 

that striations occur in patches, separated by abrupt steps . The 

microscopic crack propagation direction was found to operate several 

tens of degrees off the macroscopic crack propagation direction . This 

para l le led the studies of Phi l l ips, his col leagues ( 57), and Grosskreutz 

(30), a l l of whom reported that microscopic crack propagation directions 

deviated several tens of degrees from the macroscopic direction of crack 



growth. Paris ( 54) and researchers at Battelle Memorial Institute (10) 

pointed out that fatigue cracks tend to grow normal to the direction of 

principal stress, while striations form parallel to the advancing crack 

front. Hertzberg (37) stated, as did other investigators (7, 10, 30, 50, 

5 1), that each striation forms during one load cycle and defines the 

advancing crack front at a point in the fatigue I ife. 

1 5  

Christensen and Harmon (21) reported that the crack growth rate in 

an aluminum alloy, for a crack of specific length, was accelerated 20 fold 

when the applied stress was doubled. They concluded that both the 

applied stress and the instantaneous crack length must be known -to 

correlate stress amp I itude and striation spacing, but two years l�ter in 

19 69, Pelloux (56) stated that a one to one correlation existed between the 

spacing of ductile fatigue striations, the stress amplitude, and the 

maximum stress level . 

The surge of activity into the mechanisms of fatigue failure prompted 

many new theories regarding the fracture process . Almen and Black (3) 

proposed a three stage fracture process: (1) crystal deformation, 

(2) crack initiation, and (3) crack propagation. However, McEvi ly and 

J ohnston (SO) maintained that only two stages existed: ( 1) advancement 

of the fatigue crack along initiating slip planes, and (2) macroscopic 

crack propagation at right angles to the maximum normal tensile stress. 

They suggested, as did researchers at Battelle Memorial Institute (10), 

that no striations are exhibited in the first stage of fatigue, but are formed . 
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in the second stage, where the crack front is advancing . A third theory, 

proposed by Schijve (63) , suggested four stages of fatigue failure :  ( 1 )  

crack initiation, (2) microscopic crack propagation, (3) macroscopic 

crack propagation, and (4) final failure . A similar theory was developed 

by Zackay, Gerberich, and Parker (7 1 )  which eliminated the final failure 

stage: ( 1 )  crack initiation, (2) stable crack propagation, and (3) 

unstable catastropic crack propagation. Zackay and associates indicated, 

as did Grosskreutz (30) , that possibly more than one frontal movement 

of the crack existed during a single fatigue cycle. A fifth fracture 

process theory was postulated by McMillian and Hertzberg ( 5 1 )  which 

suggested three stages leading to failure: ( 1 )  initiation, (2) plane strain 

propagation, and (3) plane stress propagation . 

One of the more informative discussions concerning fatigue striat ions 

was reported by Koterazawa and his colleagues (46) . They defined 

two types of striated appearances: ( 1 )  striations with mutually parallel 

spacings, in which the spacing is approximately equal to the macroscopic 

crack propagation rate, and (2) "quasi-striation, " a term introduced by 

Beachem ( 1 1 )  in which the patterns are unequally spaced and give no 

correlation to propagation rates, although the crack propagat ion rates 

covered by these patterns is about the same as the mutually parallel 

striations. Koterazawa and colleagues tested both aluminum alloys and 

carbon steels and found that in the case of the aluminum alloys, striations 

covered a large part of the fracture surface, but for the carbon steels, the 



quasi-striation pattern occupied the major part of the fracture surface . 

In both cases the area covered by striations decreased with_ decreasing 

crack growth rates, due to the increased rubbed area (see Appendix D) . 
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It is apparent from the work reported here that microscopic fatigue 

mechanisms remain to be adequate ly researched . Striations have been 

noted to be both continuous and discontinuous, clearly and poorly defined, 

straight and smoothly curved . The studies which have to date focused 

mainly on the aluminum alloys are most likely due to the large usage of 

aluminum alloys in the manufacture of aircraft and the automotive 

industry's increased search for high strength to weight ratio materials . 

Object 

The purpose of this study is then two-fold: (1) to focus new attention 

on the problem of decarburization, with an emphasis on the quantitative 

aspect of stress-life re lationships in fatigue loading, by defining a 

rigorous set of experimental parameters and adapting the data to current 

statistical analysis and curve fitting techniques, and (2) to employ 

extensive scanning electron fractography in the analysis of the fatigue 

fracture surfaces in order to obtain needed information concerning the 

nature and morphology of fatigue fractures present in a medium carbon 

steel . 



CHAPTER 2 

EXPERIMENTAL METHODS AND PROCEDURES 

Selection of Test Material 

SAE 1 042 , a medium carbon steel widely used in shafting applications, 

was selected for this study mainly because of its association with fatigue 

in actual service conditions. The 1 / 2 inch rounds were purchased in 

20 foot lengths in the _cold finished condition (see Table 2 ) .  All material 

was from a single heat . 

Metallography of the as received (A . R . )  microstructure, prior to 

machining, revealed ( 1 )  that no surface decarburization existed, and (2 ) 

that the austenite and primary ferrite grain distribution was homogeneous. 

A calculation of the constituents (at 0 .  42 weight percent carbon) indicated 

54% pearlite and 46% primary ferrite . 

Fatigue Test Procedures 

Previous researchers have often run less than ten fatigue tests to 

define a S-N curve . Recognizing the inherent scatter in fatigue d_ata, the 

author decided at the onset of the study to run a minimum of 40' fatigue 

tests for each S-N curve in order to give a complete and wel I -documented 

fatigue life history at all stress levels. A minimum of two tests were run 

at each stress level , the stress level increments being _approximately 

3000 psi (21 MN/m2 ) . 

1 8  
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0.40-0. 47 

TABLE 2 

NOMINAL COMPOSITION OF SAE 1042 STEEL 
(Weight Percent) 

Pmax Mn 

0. 04 0. 60-0. 90 

19 

Smax 

0. 0 5  

Test equipment. Fatigue tests were run on a R. R. Moore rotating­

beam fatigue testing machine, which provided completely reversed 

bending of the test specimens. A stress cycle indicative of the rotating­

beam test is shown in Figure 1. The minimum allowable stress, which was 

determined by the machin� design, was approximately 18000 psi 

(1 24 MN/m2) ,  and the maximum attainable speed, under no load conditions, 

was approximately 14000 cpm. 

Testing parameters. Failure was defined as the complete separation 

of the test specimen, in accordance with ASTM standards (9) . The 

endurance limit was defined as 10 8 cycles; all tests in which the specimens 

remained unbroken after 10 8 cycles were discontinued. Although the 

testing speeds ranged from 9000 cpm to 12000 cpm (depending on the loads 

applied) , previous researchers (24, 47, 53) found the endurance limit was 
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not affected by testing speeds in this range. The nominal surface finish 

for all D-1, D-8, and D-24 fatigue specimens was 20 micro-inches, 

arithmetical average (AA) . Testing was conducted at normal atmospheric 

conditions (room temperature: 70°F or 21°c) . 

Preparation of the Fatigue Specimens 

Initial machining . Initial machining of the continuous radius (9) was 

produced on a tracer lathe. Dimensions of the minimum diameters ranged 

from 0. 300 inches (7. 62 mm) to 0. 303 inches (7 . 70 mm) with an initial 

nominal surface roughness of 100 micro-inches, AA. 

Decarburization. Three test series were selected for studying the 

effects of decarburization on fatigue I ife: (1) specimens having no surface 

decarburization (series D-1), (2) specimens having a 0. 038 inch (0 . 97 mm) 

decarburized surface layer (series D-8), and (3) specimens having a 

0 .  080 inch (2. 03 mm) decarburized surface layer (series D-24) . 

Although Shah (64) reported that decarburization depths of 0 .  01 inches 

(0. 3 mm) were considered detrimental to fatigue I ife, the more than 

significant amounts of decarburization encountered here were selected 

for two reasons: (1) due to the oxidizing atmosphere used in the 

decarburization process, a thick scale (see Table 3) had to be removed 

prior to testing, which involved removing some of the ferrite layer; and 

(2) because a hand finishing operation was required, variation in the 
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TAB LE 3 

HEAT TREATMENT SPECIFICAT IONS 

Depth of Surface Oxide 
Austenite Decarburization, Thickness, 

Test Grain Size at inches inches 
Series Specimen Center (mm) (mm)  

A. R. 8 0 . 000 0. 000 
(0 . 00) (0 . 00) 

D-1 10 0 . 000 0 . 000-0 . 001 
(0 . 00) (0 . 00-0 . 03) 

D-8 10 0 . 038 0 . 002-0 . 005 
(0. 97) (0 . 05-0. 13) 

D-24 10 0. 080 0 . 009-0 . 014 
(2 . 03) (0 . 23-0 . 3 6) 



finished diameters resulting from the polishing would have produced 

large percentage differences in the decarburization depths of specimens 

with small decarburized layers {0. 005 inches or 0. 13 mm, for example) . 
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All fatigue specimens were placed in a furnace preheated to  1550°F 

{843°C) in lots of twenty . An uncontrolled furnance atmosphere was used 

to obtain the decarburization . Specimens were placed vertically in a 

decarburized SAE 1018 steel plate in holes two inches on center . The 

first series {D-1) was placed in the furnace for one hour, the second 

series {D-8) was placed in the furnace for eight hours, and the third 

series {D-24) was placed in the furnace for 24 hours. Upon rem�val from 

the furnace, each lot was allowed to air cool to room temperature {70°F or 

21°c) . 

Scale removal and final finishing . Due to the nature of the oxidizing 

atmosphere, an oxide layer had to be removed after decarburization and 

subsequent norma Ii zation. A sharp blow to the specimen end, in genera I, 

caused the scale to flake off . Coarse emery paper {1/0) was used to 

remove any remaining scale, followed by 2/0 and 3/0 emery paper to 

produce the final finish . Previous investigators {24, 34) stated that 

· finishing with 2/0 emery paper was standard procedure for fatigue 

specimens; however, Moore and Alleman { 52) suggested using 3/0 emery 

paper for the final polishing . 

The circumferential polishing was performed by chucking the specimen 
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·in a lathe and rotating at approximately 100 rpm , taking care to insure no 

significant temperature rise resulted in the specimen during the process . 

Preparation of the Tensile Specimens and 
Procedures for Their Testing 

To aid in the study of the effects of decarburization, tensile properties 

were obtained from tensile specimens, designated D-1, D-8 , and D-24, 

which had been given the same heat treatment as their respective D-1, 

D-8, and D-24 fatigue specimens . These specimens, which were machined 

according to ASTM standards (8) , were finished in the same manner as 

described in the previous section on scale removal and finishing . 

However, the decarburized surface layer of two of the four specimens 

from each of the D-8 and D-24 heat treatments was removed by machining 

prior to testing . This enabled obtaining tensile properties of specimens 

having D-8 and D-24 heat treatments, but no decarburization. 

Tensile tests were conducted on an lnstron tensile testing machine, 

using a strain rate of 0 . 02 inches (0 . 5  mm) per minute . 

Determination of Decarburization Depths 

Light microscopy . Light microscopy of the test specimens yielded 

three important findings : (1) the austenite grain size of the core 

microstructure showed no appreciable change with furnace times up to 

24 hours, (2) examination of the surface microstructure provided a 

straightforward method for determining decarburization depths, and 



(3) examination of unetched specimens with magnifications up to S00x 

revealed no intergranular oxides . 

Figures 2, 3, and 4 show, respectively, the core microstructures 

of typical D-1, D-8, and D-24 test specimens. Two methods were used 
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to determine the austenite grain size of the core microstructure: (1) a 

measurement of the number of grains per square inch at 1 00x, and (2) a 

comparison of the austenite grain size at 1 00x with ASTM standards. In 

both procedures the austenite grain size of all test specimens was ASTM 10 

(see Table 3) . 

Figure 5 shows the surface microstructure of a typical D-1 test 

specimen . The micrograph clearly indicates that no surface 

decarburization exists . Figures 6 and 7 show, respectively, the 

decarburization depths of typical D-8 and D-24 test specimens . The 

specks visible in the ferrite grains of Figures 6 and 7 are etch pits. 

Because intergranular oxidation was not found in the specimens, no 

micrograph was published; however, an explanation is in order. As 

previously mentioned in Chapter 1, intergranular oxidation normally 

occurs above 1740°F (9S0°C) (42). The maximum temperature used for 

decarburization in this work was 15S0°F (843°C) . If some grain boundary 

oxidation did occur, it was removed along with the outer portion of the 

ferrite layer during the scale removal and polishing . 

Microhardness traverses . Although a good approximation of the 
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Figure 2 .  Light Micrograph Showing the Core Microstructure, 
ASTM 10, of a Typical D-1 Test Specimen . 200x . 

100µ 

Figure 3 .  Light Micrograph Showing the Core Microstructure, 
ASTM 10, of a Typical D-8 Test Specimen . 200x. 
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Figure 4 .  Light Micrograph Showing the Core Microstructure, 
ASTM 10, of a Typical D-24 Test Specimen . 200x . 
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Figure 5 .  Light M icrog,raph ·sh��hig the Edge Mkrostructure of a 
Typical D- 1 Tes� �:p�c.i.� · 1:l • · .2.00x . _ _ _ _ , : . _ . · 

; .. . ' . '  . ,  
,,, , .  

100 µ 

Figure 6. Light Micrograph Showing the Edge Microstructure of a 
Typical D-8 Test Specimen . 200x . 
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Figure 7 .  - Light M icrograph Showing the Edge Microstructure of a 
Typical D-_24 Test Specimen·. 200x . · 
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deca rbu r i zation depth s ( s uch a s  the free fer r i te depth ) ca n be obta i ned 

by opt ica l m i c roscopy , a quant i tati ve measure of the deca rbu r i zat ion 

depth i s  needed for q uant i tat ive cor re l at ions of deca rbu r i zati on w ith 

fat igue l i fe . Severa l c ri ter ia a re poss i b l e . For pu rposes of th i s  study , 

the deca rbu r i zat ion depth i s  defi ned a s  that depth to wh ich th e ha rdness 

is lower tha n the core ha rdness . Th i s  depth i s  then the tota l a ffected 

l ayer rath er tha n the free fer r i te layer . 
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Seven fati gue test spec i mens , o r  a pprox i matel y 1 5% of  the  5 0  spec i mens 

pe r test set , were ra ndom l y  sel ected from each fat igue test set for u se i n  

obta i n i ng the m i c roha rdnes s data . These spec i mens were sectioned at  

the m i n i mum d ia mete r , mounted , and po l i s hed .  M i croha rdness read i ngs 

were ta ken in i nc rements of 0 .  0 03 i nches ( 0 . 08  mm) unt i  I a constant 

ha rdness read i ng wa s atta i ned , at  w h i ch t i me the i nc rementa l spac i n g  wa s 

i ncreased to 0 .  0 0 5  i nches ( 0 . 1 3  m m )  fo r  the rema i nder of the tra verse . 

The da ta wa s then appl ied to a stat ist ica l  ana l ys i s  computer prog ram (a 

lea st squa res reg res s i on ana l y s i s ) . A s ubseq uent cu rve fi tt i ng p rog ram 

produced a schematic representa tion of the or ig i na l  data a nd th e pred icted 

curves (see F i g u re 8) . Deca rb u r i zation depths were defi ned as the poi nts 

at  wh ich  the D - 8  a nd D - 2 4  ha rdnes s cu rves i nter sected the D - 1  cu rve 

(see Tab l e  3 ,  page 2 2 ) . As i nd icated in F i gures 6 and 7, these depth s 

were not complete ly ca rbon -free . 
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Surface Roughness Measurements 

Although previous studies frequently described machining operations 

and polishing techniques used in specimen preparation, very few authors 

reported the actual surface roughness . Several indexes have been used 

in the past, the most common being the root mean square (RMS) . In 1962 

the arithmetical average (AA) index was adopted as the standard for 

surface roughness measurements, although for surface roughness 

purposes the AA--center line average (CLA) if using the equivalent 

British index--and the RMS have a negligible difference ( 1 5) . 

A Tally-Surf gage was used to give accurate surface roughness 

readings of the surface finishes produced by initial machining and final 

polishing processes (see Figures 9 and 10) . 

The Tally-Surf, or profi lometer, consists of a diamond stylus which 

traverses along the longitudinal axis of the specimen . A motion of the 

stylus distorts a Piezo crystal, which generates a minute electric current 

proportiona I to the distortion . The currE;nt is amplified and conducted to 

a second Piezo crystal which distorts and moves the pen on a moving 

chart (see Figure 1 1) . The arithmetical average value is read directly 

from a meter calibrated in micro-inches . 

Arithmetical average is defined as the deviation of the surface from the 

mean surface . Figures 12 and 13 show, respectively, schematic 

representations of the mean surface and the derivation of arithmetical 

average . 



� 100µ · 

Figure 9. SEM Micrograph of Lathe Marks Resulting from I nitial 
Machining . 170x . 

100µ 

Figure 10. SEM Micrograph Showing Typical Finis hing Marks of 
D-1, D-8, and D-24 Fatigue Test Specimens . 180x . 
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A. 1 00 µ-in, AA (Ful I · Scale: 200 µ-in, AA) . 

B. 20 µ-in, AA (Full Scale : 40 µ-in, AA) . 

Figure 1 1 . Photomacrographs of Typical Surface Roughness 
Measurements as Recorded by the Profilometer. 
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OVER A LENGTH OF  SURFACE L .  T HE MEAN SURFACE l S  A L I NE DRAWN 
SUCH THAT THE  SUH OF l HE AREAS EMBRACED BY THE SURFACE  PROF l L E  
ABOVE T HE L l NE l S  EQUAL T O  T HE SUM OF  T H O S E  BELOW T HE L I NE .  

AREAS B + 0 + F + H • AREAS A + C + E . + G + l .  

F igure 1 2 .  Defi n i t ion of Mean Surface . 
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i--.------------- L ------------....-..i 

T HE AA VALUE Of T HE SURFACE I S  THE  AVERAGE HE I GHT Of T HE 
PROF I LE ABOVE  ANO BELOW T HE MEAN  SURFACE . 

tfM 

AA a H l  + H2 + r3 - - - HN ;: t_ f HNOL 
l 

�HERE H I S T HE HE I GHT Of lHE  PROF I LE ABOVE OR BELOW THE  MEAN 
SURfACf AT PO I NT S  AT UN I T  D I STANCES  �PART . 
L UN I T S = SAMPL I NG LENGT H 

F i g u re 1 3 .  Der i vat ion of A r i thmet ica l Average S u rface Roughnes s .  
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Surface roughness measurements were conducted on ten fatigue test 

specimens from each series, or on approximately 25% of all fatigue 

specimens. The specimens were randomly selected after completion of 

each S-N curve, since measurement of the surface roughness prior to 

testing could have resulted in the profilometer 1s diamond stylus altering 

the surface finish of approximately 25% of the specimens (see Table 4) . 

Fractography of the Test Specimens 

Fractographic analysis involved both macro- and micro-examination 
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of the fractured tensile and fatigue specimens. Fractured fatigue specimens 

were examined macroscopically to identify any correlation between fracture 

surface appearance and applied stress . 

Microscopic examination involved both light microscopy and scanning 

electron microscopy (SEM) . The primary concern of the light microscopy 

was to determine whether the mode of cracking associated with fatigue 

failure was transgranular or intergranular, whether deformation was 

present along the crack, whether intergranular oxides were present, and 

whether surface scale removal was complete. 

SEM observation with its high resolving power and in situ chemical 

analysis was used to characterize the fractographic features of the test 

specimens: crack initiation site, influence and compositions of inclusions, 

crack propagation direction, and striation development. 
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TABLE 4 

FATIGUE TEST SPECIMEN SPECIFICAT IONS 

Arithmetical Average Minimum 
Surface Roughness, Diameter, 

Test Number of micro-inches inches 
Series S-N Tests (microns) (mm) 

A.R .  45  100 ± 20 0. 300 
(0. 2 5  ± 0. 05) (7. 62) 

D-1 45  20  ± 4 0. 299-0. 303 
(0. 05 ± 0. 01) (7 . 59-7 . 70) 

D-8 41 20 ± 4 0. 285-0. 298 
(0. 05 ± 0. 01) (7. 2 4-7. 57) 

D-2 4  41 20 ± 4 0. 2 69 -0. 283 
(0. 0 5 ± 0 . 01) ( 6. 83-7. 19) 
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Stat i st ica l Data Ana lys i s  

A l l  m i croha rdnes s and fat igue test data were a na lyzed u s i ng a 

stat i st ica l ana ly s is system (SAS ) computer prog ram wh ich cons i sted of 

e i ght i nd i v idua l  data sets , one da ta set for each of the fou r m i croha rdness 

curves and one data s et for each of the fou r S-N cu rves . The order of the 

po lynom i na l  for each da ta set wa s pred i cted from a l east squa res reg res s ion 

ana lys i s  wh ich weighted each data po i nt i n  each data set equa l l y . 

The two most i mportant cha racter i st ics  of the SAS reg res s ion ana l ys i s  

a re the R-Sq ua re va l ue and the P R  > F va l ue .  The R-Square va l ue i s  the 

ratio of the sums of the squa res of the reg ress ion to the sums of the sq uares 

of the or i g i na l  data . The PR > F va l ue i s  the l evel  of s ign i fica nce assoc i ated 

w i th the F va l ue a nd the cor respond i ng deg ree of freedom for tha t F va l ue . 

When the PR > F va l ue i s  equa l to or g reater tha n  0 .  0 0 1 , the error i n  the 

regres s ion  becomes s ign i fi ca nt . The idea l  s i tuati on wou l d  exi st when 

the R-Sq uare va l ue eq ua l l ed 1 . 0 ,  as  wou l d  be the ca se  i f  the sums of the 

squa res of the reg ress ion equa l l ed the sums of the squa res of the or i g i na l  

data . As the order of the po lynom i na l  i nc rea ses , the R-Square va l ue 

i nc reases , but the PR > F va l ue may a l so i nc rea se; therefore, the order of 

the po lynom i na l wh ich best fi ts the data i s  the po l ynom i na l  wh ich ha s the 

h ighest R-Sq uare va lue  w i th a PR > F va l ue bel ow 0 .  00 1 . 

The SAS p rog ra m used i n  th i s  study I i sted th ree reg res s ions for each 

da ta set: the fi rst  reg ress ion was one order bel ow the pred i cted 

po l ynom i na l , the second reg res s i on wa s the pred icted po lynom i na l ,  and th e 



third regression was one order higher than the predicted polynominal 

and indicated a higher order polynomina l was not acceptable. 

Curve Fitting and Plotting Techniques 

After the orders of the predicted po lynominals for the eight data sets 

were obtained (see Appendix A), the information was then added to a 

Calcomp plotting program (see Appendix B) which drew multiple curves 

of the microhardness data as �el I as the 5-N data and wrote the equation 

for each curve; however, the presence of non-essentia I information 

rendered the data unpresentable for publishing. Hence, two additional 

sets of data were drawn using a different subroutine, having legends, 

but no curves or equations. Curves for these data (Figure 8 on page 31, 

for example) were hand drawn using superpositioning. 
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CHAPTER 3 

RESU LTS OF TH E FAT I G U E  TESTS 

Introduction 

As sta ted i n  Cha pter 2 i n  the Fa t igue Test Procedu res, a dec i s ion wa s 

made i n i t ia l l y to run the fat igue tests at  stress level  i nc rements of 3000 ps i 

(2 1 M N /m 2 ) .  Th i s  proved sa t i sfactory at  h i gh �tresses, but a s  the app l i ed 

stress nea red the endu ra nce l i m i t  of each S-N cu rve, i t  beca me neces sa ry 

to adj us t the stress  l eve l i nc rement i n  order to adequate l y  defi ne the 

comp lete fatigue cu rve (s ee F i g u re 1 4) . Not ice that no defi n i te brea k  

occu rs i n  the S-N cu rves shown here as  i s  common ly shown i n  pub l i s hed 

I i teratu re for p l a i n  ca rbon s tee l s, w here often less than ten fat igue tests 

defi ne a comp l ete S-N cu rve (2 5, 2 6, 27, 44, 5 2, 53, 67, 70) . 

Two fat igue tests norma l ly defi ned a stress l eve l ;  however, i f  fractu re 

occurred outs ide the 1 0-20% var iation norma l ly obs er ved i n  fati gue testi ng 

( 1 9) ,  a th i rd test wa s run at the stres s  l eve l i n  question . The a ppl i ed 

stress of the D-1, D-8, and D-2 4 fati gue speci mens ranged from a max i mu m  

stres s o f  860 1 4 ps i (593 M N /m 2 ) (83% of the D- 1 U T S  and 1 28% of the D-1 

YS ) to a m i n i mu m  stres s of 28035 p s i  ( 1 93 M N /m 2 ) (31 % of the D- 2 4 UTS 

and 46% of the D- 2 4 YS ) . One other S-N cu rve wa s r un, tha t of SAE 1 042 

steel i n  the a s  recei ved cond i t ion (A.R . ), to obta i n  i n i t i a l  testi ng 

pa rameters for the fat igue tests . The appl ied stresses for th i s  pa rti cu l a r  

S-N cu rve ranged from 9 5064 ps i ( 6 5 5  M N /m 2 ) (85% of the A .  R .  UTS and 
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103% of the A. R. YS) to 39235 psi ( 2 7 1  MN/m2 ) (35 % of the A. R. UTS and 

42% of the A .  R. YS) . 

Effect of Increasing the Decarburization Depth 

As illustrated in Figure 14, not only does the initial decarburization 

reduce fatigue life and fatigue strength, but a continued increase in the 

depth of decarburization further decreases these quantities. While 

Figure 14 shows, schematically, the damage caused by decarburization, 

the fatigue test results are best explained by comparing the degradation 
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in fatigue life for the D- 1, D- 8, and D-2 4 5-N curves at incremental levels 

of stress (see Table 5) . 

At stress levels of 60000 psi (414 MN/m2 ), 5 5000 psi (379 MN/m2), 

and 50000 psi (345 MN/m2 ) the percentage differences from the D- 1 to 

D- 8 curves and the D- 8 to D- 2 4 curves show very I ittle change, but as the 

endurance limit is approached the percentage differences increase rapidly . · 

While the point of intersection of the S-N curves is not obvious in Figure 14, 

Appendix C shows that the A . R . ,  D- 1, and D-8 curves intersect at 

1. 2 x 1 o 5 psi ( 82 7 MN/m2); the stress which corresponds to the same Nf 

value on the D-2 4 curve is 1. 0 x 105 psi ( 689 MN/m2 ) . A visual 

comparison of the curves in Figure 14 shows that as the stress decreases, 

the curves begin to spread apart, demonstrating that decarburization has 

a much greater effect at low stress levels . 

One of the startling observations from Table 5 is the extent of the 
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TABLE 5 

REDUCTION IN FATIGUE LIFE DUE TO SURFACE DECARBURIZATION 

Stress, S-N Comparisons Percentage 
psi Change in 

(MN/m2) X y Fatigue Life* 

60000 D-1 to D-8 -42 % 
(414) D-8 to D-24 -37% 

D-1 to D-24 -64% 

55000 D-1 to D-8 -44% 
(379) D-8 to D-24 -3 8 % 

D-1 to D-24 -65% 

50000 D-1 to D-8 -49% 
(345) D-8 to D- 24 -39% 

D-1 to D-24 -69% 

45000 D-1 to D-8 -65% 
(31 0) D-8 to D-24 -40% 

D-1 to D-24 -79% 

40000 D-1 to D-8 -90% 
(27 6) D-8 to D-24 -50% 

D-1 to D-24 -9 5% 

3 6 500 D-1 to D-8 -99 % 
(2 52) D-8 to D-24 -70% 

D-1 to D-24 .,;.100% 

*Percentage = [CX-Y) /X] · 100 



damage which results from the in i t ial decarburization. Although 

the D-24 spec imens have more than double the amount of decarbur ization 

which the D-8 spec imens have, the percentage d i fferences of the D - 1  
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to D-8 comparisons are, in  all cases, greater than the percentage 

d i fferences of the D-8 to D- 24 comparisons. To further substanstiate th is 

observation , a ratio of the percentage d i fferences of the D- 1 to D-8 curves 

to the D- 1 to D- 24 curves ind icates that at all stress levels in  Table 5 this 

value equals , or exceeds, 67%, demonstrating that over 2 /3 of the total 

damage resulted from the in it ial decarburized surface layer. 

Endurance l im i t  stresses (Se) of the four S-N curves are as follows: 

( 1 ) A. R. curve: 39235 psi  (271 MN/m2 ) (35% of the A .  R. UTS and 42 % 

of the A. R. VS) . 

( 2 ) D- 1 curve: 362 1 7  ps i (250 MN/m2 ) (35% of the D- 1 UTS and 54% of 

the D- 1 VS) . 

(3) D-8 curve: 3 1 741  ps i (2 1 9  MN/m2 ) (3 1 %  of the D- 1 UTS and 47% of 

the D - 1  VS) .  

(4) D- 24 curve: 28035 psi ( 1 93 MN/m2 ) (27% of the D - 1  UTS and 42 % of 

the D- 1 VS) . 

The percentage decrease from the D - 1  Se to the D-8 Se is 1 2. 4%, the 

decrease from the D-8 Se to the D- 24 Se is 1 1 .  7%, and the overall 

percentage decrease due to decarb':'rization is  2 2. 7% (D- 1  Se to D- 24 Se) . 

Note that all endurance l im i t  stresses (Se) are w i th in 1 0-!1()% of the UTS 
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(the endurance limit stress range previously reported in Chapter 1 ,  under 

Macroscopic parameters) . 

The fatigue strength data, although less pronounced than the fatigue 

life data , indicates the initial surface decarburization to be more 

detrimental than doubling the decarburization dep�h . 

Fatigue Cracking Modes 

In some of the previous studies, researchers were concerned with 

the presence of intergranular oxidation, which has beeri postulated to 

result in intergranular cracking and concurrent degradation in life . 

However, as stated earlier in Chapter 2 in Determination of Decarburization 

Depths , under Light microscopy , by criterion of optical metallographic 

examination, no intergranular oxidation was observed . 

The fatigue specimens examined in this study exhibited primarily 

transgranular cracking (see Figure 1 5) .  The crack shown in Figure 1 5 ,  

which was observed in a D-24 specimen , runs parallel to the fracture 

surface, or normal to the longitudinal axis of the test specimen, and , 

therefore, normal to the maximum principal stress. The micrograph 

clearly illustrates that the crack initiated in the decarburized surface 

layer and propagated inward toward the core microstructure. 

Deformation is visible along the boundaries of the crack and around the 

crack tip . Aita and Weertman. ( 1) conducted studies in two phase Fe-C 

alloys and found that the fatigue crack takes the path of easiest slip and . 



1 00µ 

Figure 15. Light Micrograph Showing Transgranular Cracking of 
a D- 24 F� tigue Test Specimen. 200x. 
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grows in the ferrite. whenever possible . At low stresses the brittle second 

phase is avoided, but at high stresses brittle fracture of the second phase 

occurs ahead of the main crack . They also found the predominant mode 

of cracking to be transgranular . 

The Influence of Circumferential Finish Marks 

Careful examination of the areas below the fracture surfaces revealed 

that cracking initiated in the valleys of the circumferential finish marks 

produced by the polishing process (see Figure 1 6) . Since all D-1 ,  D-8, 

and D-24 specimens were finished in the same manner, the results should 

show no variation due to this phenomenon . 

Discussion 

With the exception of the depth of decarburization, al I metallurgical 

variables were held constant: core grain size, core hardness, and core 

microstructure . The mechanical specimen preparation procedure was also 

held constant so that all specimens presumably had the same residual 

stress pattern and the same surface roughness. Metal lographic 

examination showed that surface scale removal was complete and that there 

was no intergranular oxidation. I t  also showed the ferrite morphology 

to be non-co I umna r . 

The only testing variable not held constant was the loading rate, but 

data indicate, as pointed out earlier, that this was not a variable for the 
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Figure 16. SEM Micrograph Showing Cracking Along Circumferential 
Finishing Marks. 85x. 



loading rates employed . Consequently, any observed degradation in 

fatigue life is assumed to be due to only the depth of decarburization . 

A comparison of the arithmetic differences in the endurance limit 

stresses (Se) shows a 4% decrease from the D-1 to D-8 curves and a 8%  

decrease from the D- 1 to D-24 curves; however, delta percentage 

differences at the endurance limit stresses indicate a 1 2% dec rease from 

the D-1 to D-8 curves and a 23% decrease from the D-1 to D-24 curves, 

emphasizing the importance of clarifying the comparisons used when 

reporting quantitative data . 
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CHA PTER 4 

TH E TENS I LE PROPERT I ES TESTS 

I ntroduction 

To he lp  determi ne the tota l effects of deca rbu r i zation , tens i l e  

propert ies were obta i ned from A .  R . , D - 1 , D- 8 ,  and D - 2 4 spec i mens wh i ch 

had the same heat treatments a nd deca rbu r i zat ion depths as  the i r  

respecti ve fat igue spec i men s . Add i t iona l test i ng w a s  performed on 

spec i mens wh ich  had D - 8  a nd D - 2 4 heat treatments , but wh i ch a l so had 

had the deca rbu r i zed s u rface l ayers removed by mach i n i ng pr ior to 

test i ng ( see Tab l e  6)  . 

Two s pec i men s were tested for each des i gnat ion . The two numbers 

to the r i ght of th e tens i l e property represent the two s pec i mens;  the order 

in wh ich the n umbers a re l i s ted i s  i nd i ct ive of the s pec i men n umber . 

Hence , the lower y i e l d  stress of the fi rst test s peci men hav i ng a O .  0 3 8  i nch 

( 0 . 97 mm) deca rb u r i zed s u rface l ayer is 64 1 08 ps i (442 M N /m 2 ) ,  and the 

u l t i mate tens i l e stress of the same s peci men is 1 0069 1 psi ( 69 4  M N /m 2 ) .  

A Compa r i son of the Deca rbu r i zed a nd 
Non-Deca rbu r i zed Test Resu l ts 

A compa r i son of col umns 2 , 5 ,  a nd 6 i nd icates that as  the 

deca rbu r i zation depth i ncrea ses from no deca rbur i zation to O .  0 3 8  i nches 

( O . 97  mm)  the UTS dec reases by 3 9 68 ps i ( 2 7 M N / m 2 ) ( 3 . 8 %) , and 

i ncrea s i ng the deca rbu r i zat ion depth from O .  038 i nches to O .  080 i nches 

5 1  
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TAB LE 6 

EFFECT OF SURFACE DECARBURI ZATI ON ON TENSI LE PROPERTIES 

A. R. D-1 D-8 D-2 4 D-8 D-2 4 
(C . F . ) 0. 038 0 . 080 

Tensile No No No No Inch Inch 
Property Decarb Decarb Decarb Decarb Decarb Decarb 

Ultimate 1 1 142 1 1039 62 102 739 103650 10069 1 909 20 
Tensile (7 68) (7 17) (708) (7 15) (694) (62 7) 
Strength, 1 1 1006 103430 101501 102 8 18 9 87 64 90057 

psi (7 6 5) (7 13) (700) (709) (68 1) (62 1) 
(MN/m2 ) 

Upper 70194 6979 2 6982 0 68814 62 851  
Yield (484) (481) (481) (47 4) (433) 

Strength, 
68386 68514 6949 1 6873 1 6 12 51 psi 

(MN/m2) (47 1) (472) (47 9) (47 4) (42 2 ) 

Lower 65940 6476 2 6460 1  64108 58885 
Yield (455) (446) (445) (442) (406) 

Strength, 
64345 62 42 4 6367 6 6 2 666 5882 5 psi 

(MN/m2) (444) (430) (439) (432) (406) 

Yield 93544 
Strength (645) 
at 0. 2% E, 

9 1465 psi 
(MN/m2) (63 1) 

Percent 13 . 57 2 3. 9 1  2 5 . 56 2 2 . 64 2 1 . 97 2 5 . 58 
Elongation 

at 1 5 . 00 23 .  19  2 4. 44 2 2 . 2 2  2 2 . 56 2 5 . 38 
Fracture 

Reduction 34. 16 53. 87  53 . 36 52 . 15  52 . 81 52 . 7 6 
in Area at 
Fracture 34. 62 55. 8 1 53 . 9 5 53. 88  53 . 2 5 52 . 2 0 
(percent) 
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(2 . 03  mm) further reduces the UTS by 92 39 psi (64 MN/m2) (9 . 3%) . A 

comparison of the upper VS indicates that as the decarburization depth 

increases from no decarburization to 0 .  038 inches the VS decreases by 

5 18 psi (4 MN/m2) (0 . 8%) , but increasing the decarburization depth from 

0 . 038 inches to 0 . 080 inches results in a reduction in YS of 67 2 2  psi 

(46 MN/m2) (9 . 8%) . At the lower YS the change from no decarburization 

to a 0 . 038 inch decarburized layer causes the YS to decrease 17 55  psi 

( 12 MN/m2) (2 . 7%) , and an increase from 0 .  038 inches decarburization to 

0 . 080 inches results in an additional 4532 psi (31 MN/m2) (7 . 2%) 

reduction in VS . These results indicate that the tensile properties are 

more greatly affected by the depth of decarburization than by the presence 

of an initial decarburized surface layer, a trend opposite to that found in 

the fatigue tests . 

In comparing columns 2 , 3, and 4, the only variable was the heat 

treatment times; none of the D-8 or D-24 specimens tested here had any 

surface decarburization . These results indicate ( 1) that the variation 

in heat treatment times did not affect the tensile properties of the core 

microstructure , and (2) that the removal of the decarburization restored 

the initial tensile properties . 

An additional study was made using scanning electron microscopy 

(SEM) to ascertain if a variation in surface appearance resulted from t_he 

presence of surface decarburization. Following extensive examination, 



it was concluded that no distinction could be made between any of the 

twelve fracture surfaces (see Figure 17). 
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The important conclusion is, of course, that monotonic tensile loading 

does not indicate degradation of fatigue strength. Although there is some 

degradation in both the yield and tensile strengths with decarburization, 

the amount of degradation is insignificant until a large amount of 

decarburization is observed. The tensile fracture strains are unaffected. 

Assuming that decarburization observed in commercial practice would not 

exceed 0. 020-0 . 025  inches or 0 . 61 mm-0. 64 mm (more likely near 0. 005-

0. 010 inches or 0 . 13-0. 25  mm maximum), routine tensile testing for quality 

control would not reveal the presence of a decarburized layer, and, 

therefore, would not indicate the degraded fatigue life. At these 

decarburized depths, Rockwell hardness readings would also not indicate 

the presence of a decarburized layer. 

Summary 

A restatement of the fatigue and tensile data can best define the 

findings of the study thus far. 

A comparison of the decarburized D-8 and D-24 ultimate tensile 

strengths (UTS) with the non-decarburized D-1 UTS indicates that the 

UTS decreases 4% from no decarburization to 0. 038 inches (0. 97 mm) 

decarburization and decreases 13% from no decarburization to 0 .  080 inches 

(2 . 03 mm) decarburization, while a comparison of the decarburized D- 8 
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Figure 17 . SEM Micrograph o f  a Fractured D-1 Tensile Test 
Specimen . 20x . 
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and D - 2 4  y i e l d  strength s (YS ) w i th th e non -deca rbu r i zed D - 1  Y S  i nd ica te 

that the YS decrea ses 2 % from no deca rbu r i zation to 0 .  0 3 8  i nches 

deca rbu r i zation a nd dec rea ses 1 0% from no deca rbu r i zation to 0 .  080  

i nches deca rbu r i zation . However , de l ta percentage d i fferences i nd icate 

that  the end u rance l i m i t  stress (Se) decrea ses 1 2 % for the D - 1  to D-8  

curves and decrea ses 2 3% for th e D-1  to  D - 2 4 cu rves . De l ta percentage 

d i fferences for the fatig ue data ind icate that the presence of 0 .  0 3 8-0 . 0 80 

i nches ( 0 . 97- 2 . 03  mm ) deca rbu r i zat ion can reduce fat igue I i fe a s  much 

as 1 00% at stres s  l eve l s  near the D- 1 endu rance l i m i t stress (at 3 6 50 0  ps i or 

2 5 2 M N / m 2 ) .  

The i mp l ica tion i s  that deca rbu r i zation observed i n  production i s  

norma l l y less  tha n 0 .  0 3 8  i nches (genera l ly 0 .  003-0 . 0 1 0  i nches or 

0 .  0 8-0 . 2 5 mm) . Therefore , rout i ne monoton ic  tens i l e  test i ng wou l d  

not i nd i cate a deg radation i n  fati gue l i fe o r  fati gue strength; however ,  

fat igue tests i nd i ca te a l a rge decrease i n  fat igue I i fe and fat igue strength 

i n i t ia l l y and a less  pronounced effect as the depth of deca rbu r i zation i s  

i ncrea sed . 

F i na l ly ,  i t  cannot be empha s i zed enough tha t a c l ea r  statement of the 

method for compa r i ng data must  be reported; th i s  is one of the rea sons  

for some of  the con fl ict i n  the  conc l us ions reported in  the  pa st . 



Introduction 

CHAPTER 5 

FRACTOGRAPHY OF THE FATIGUE FAILED 

TEST SPECIMENS 

Technically important materials such as high strength aluminum 

alloys and steels exhibit fatigue strengths at 1 07 cycles wel I below the 

macroscopic yield strength of the alloys, and, as shown in Chapter 3, 

severe degradation in fatigue I ife is caused by surface decarburization 

(5, so , 68). 

The information furnished here is an attempt to provide a general 

overview of both the macroscopic and the microscopic fracture surface 

details which existed in this investigation. Although quantitative results 

are not so easily resolved as in Chapters 3 and 4, it is anticipated that the 

qualitative results can provide information regarding the trends and 

patterns which are exhibited by similar fatigue failures and eventually 

result in the expediency of future fractographic analysis. 

Macroscopic Cracking Modes 

Careful macroscopic examination of the fractured fatigue specimens 

revealed that three distinct fracture surface appearances exist in the 

applied stress range of a fatigue curve: ( 1 )  a "jagged" fracture surface 

at high stresses (above the YS) , (2) a "ratcheted" surface appearance at 
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medium stresses (approximately 1/ 2 of the UTS), and (3) a "smooth" 

fracture surface appearance at low stresses (approximately 1 / 2 of the YS) 

(see Figure 18). These three modes of fracture were observed in the D-1 

series (see Figures 19, 20, and 21), in the D-8 series (see Figures 2 2, 2 3, 

and 2 4), and in the D- 2 4 series (see Figures 2 5, 2 6, and 27) . This 

phenomenon is most likely due to variations in the mode of macroscopic 

cracking, which is greatly affected by the appl ie� stress . For example, 

the D-8 specimen in Figure 2 2  was tested at 8 5199 psi ( 587 MN/m2) 

. (8 5% of the D-8 UTS and 129 %  of the D-8 YS) and failed after 2 600 cycles, or 

approximately 30 seconds; however, the D-8 specimen in Figure 2 4 was 

tested at an applied stress of 32730 psi (2 2 6  MN/m2) (3 3 %  of the D-8 UT� 

and 50% of the D-8 YS) and ran for approximately 4. 2 3 x 106 cycles, or 

7. 3 hours before failing. 

At high stress levels the first crack which initiates will most likely 

result in the fracture of the specimen, due to the short initiation stage and 

high crack propagation rate. The result is a highly irregular, or 

"jagged, 11 surface appearance (see Figure 18) . The term "jagged" refers 

to the large variation in the ma ximum and minimum points of the fracture 

surface if measured from an arbitrary datum line drawn circumferentially 

about the specimen 's longitudinal axis . Although the fracture surface may 

appear, at first, to be "ratcheted" (see Figure 19), there are few actual 

ratchet marks when compared to specimens which fracture at medium 

stress levels (see Figures 2 2  and 2 3) . At medium stress levels multiple 
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Figure 19 . Photomacrograph of a 0-·1 Fracture Surface. Specimen 
Failed after 6800 Cycles; Applied Stress, 71004 psi (490 MN/m2) 
(106% of the YS) . Bx . 

Figure 20 . Photomacrograph of a D-1 Fracture Surface . Specimen 
Failed a fter 2 4 700 Cycles; Applied Stress, 562 1 1  psi (388 MN/m2 ) 
(84% of the YS) . Bx. 
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Figure 21 . Photomacrograph of a D-1 Fracture Surface . .  Specimen 
Failed after 3 .  3 4  x ·105 . Cycles; · Appl ied Stress ; · 44821 ps i ( 309 MN/m 2 ) 
( 67%  of the YS) . Bx . · ' · 
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Figure 2 2 . Photomacrograph of a D-8 Fracture Surface . Specimen 
Failed after 2 600 Cycles; Applied Stress, 8 5199 psi ( 587 MN/m2) 
(129% of the YS) . Bx . 

Figure 2 3 .  Photomacrograph of a D-8 Fracture Surface . Specimen 
Failed after 3 3300 Cycles; Appl ied Stress, 49199 psi ( 3 39 MN/m2) 
(74% of the YS) . Bx . 
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Figure 24 .  Photomacrograph of a D-8 Fracture Surface . Specimen 
Failed after 4. 3 2 x 106 Cycles; Applied Stress, · 3 2 7 30 psi (2 2 6 MN/m2) 
( 50% of the YS) . 8x . 
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Figure 2 5. Photomacrograph of a 0- 2 4 Fracture Surface . Spec imen 
Failed after 4300, Cyc les; Applied Stress,· 692 32 psi ( 477 MN/m2) 
(115% of the VS). 8x. 

Figure 2 6. Photomacrograph of a 0-24 Fracture Surface . Spec imen 
Failed after 14200 Cyc les; Applied Stress, 54995 psi (379 MN/m 2 ) 
(91% of the VS) . 8x . 
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Figure 27 .  Photomacrograph of a D-24 Fracture Surface . Specimen 
Failed after 1 .  7 6 x 106 Cycles; Applied Stress , 31346 psi (216 MN/m2) 
( 52 % of the YS) . Crack Initiated at Point A and Terminated at Point B .  
Bx. 
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cracks may initiate due to the increased initiation stage time, and fracture 

may result from several crack propagations with a "ratcheted" surface 

appearance being exhibited (see Figure 18) . For stress levels which are 

near the endurance limit, the time required to complete a fatigue test may 

range from several hours to several days, depending on the applied 

stress, and , as noted by previous authors, cracks at these stresses have 

lengthy initiation stages and very low propagation rates (21, 30, 38, 5 1) .  

In general, only one or two points of crack initiation are observed (see 

Figure 27) . In Figure 27 the crack initiated at point A and propagated to 

point B. The crack tends to fan out to the right and to the left of the 

initiation site, the result being a "smooth" fracture surface (see 

Figure 18, page 59) . 

Microscopic Surface Details 

Although the primary concern of the scanning electron microscopy 

(SEM) was striation morphology , its implementation enabled regions of 

ducti le fracture to be defined , and the use of x-ray analysis provided a 

qualitative look at inclusion composition . The micrographs discussed 

here are categorized in the following series: D-1, D-8, and D-24 . Each 

series is presented in order of decreasing stress, each micrograph listing 

the applied stress , the number of cycles to failure, and the region in 

which the particular feature appeared. 

Figures 28 and 29 show a D- 1 specimen which was tested at an applied 
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Figure 28 .  SEM Micrograph of a D-1 Fracture Surface . Specimen 
Failed after 3100 Cycles; Applied Stress, 82996 psi ( 57 2 MN/m2) 
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(12 3% of the YS) . Point A is 0 .  06 Inches (1 . 5 mm) from Edge of Fracture 
Surface . 20x . 

Q . 5 MM 

Figure 29 .  SEM Micrograph of Striations Present at Point A in 
Figure 28 .  Arrows Show Microscopic Crack Propagation Directions . SOx . 



68 

stress of 82996 psi ( 572 MN/m2) (80% of the D- 1 UTS and 12 3% of the 

D- 1 YS) . At this stress the crack propagation rates are extremely high , 

resulting in the striations being visible at unusually low magnifications, 

20x and 50x. In Figure 30 the applied stress has been reduced to 562 1 1  psi 

(388 MN/m2) (54% of the D- 1 UTS and 84% of the D-1 YS) , and a ratcheted 

fracture surface is observed. Figure 31  shows a region at the center of 

Figure 30 , particularly point B. In this region numerous inclusions are 

evident in the form of spheres and elipsoids . Subsequent x-ray analysis 

revealed the composition of these and most other inclusions to be 

manganese sulfide (MnS) . Figure 32 shows a D- 1 specimen which was 

tested at 532 53 psi (367 MN/m2) ( 51 % of the D-1 UTS and 79% of the D-1 YS) . 

Point C ,  which is shown in Figure 33,  is approximately O .  0 2 inches 

(0. 5 mm) from the edge of the fracture surface . The mutually parallel 

striations exhibited in Figure 33 were rarely observed . The spacing of 

these striations is approximately 6 .  3 x 10-5  inches (0 . 2 microns) . 

Figures 34 and 35 show a specimen which was tested at 50299 psi 

(347 MN/m2) (49% of the D-1 UTS and 7 5% of the D- 1 YS) . In Figure 35A one 

can determine , by visual examination , the striations which exist at point D 

in Figure 34; however , a much higher magnification (see Figure 358) is 

required in order to determine the striation spacing, approximately 

6 .  6 x 10-5 inches (0. 2 microns) . I t  should be mentioned that , in general, 

striations were not visible below 450x , although there are some exceptions 

(see Figures 28 and 29) . 
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Fi gure 30 . SEM Micrograph of a D- 1 Fracture Surface. Specimen 
Failed after 2 7200 Cycles; Appl ied Stress, 562 1 1  psi (388 MN/m 2) 
(84% of the YS). Point B is 0 .  1 1  I nches (2 . 8 mm) from Edge of Fracture 
Surface. 20x. 

•,. , ' • ., 

10µ 

Figure 3 1. SEM Micrograph of Ductile Fracture at Point B in Figure 
30; Note Numerous I nclusions (See Arrows). 2 000x . 
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Figure 32 . SEM Micrograph of a D- 1 Fracture Surface. Specimen 
Failed after 4 1200 Cycles; Applied Stress, 532 53 psi (367 MN/m2 ) 
(79% of the YS) . Point C is 0 .  02 Inches (0 . 5 mm) from Edge of Fracture 
Surface . 20x . 

10µ 

Figure 33. SEM Micrograph Showing Striations and Secondary 
Cracking at Point C in F igure 32 . Arrow Indicates Macroscopic Crack 
Propagation Direction . 2000x . 
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Figure 34. SEM Micrograph of a D-1 Fracture Surface. Specimen 
Failed after 69300 Cycles; Applied Stress, 50299 psi (347 MN/m2) 
(75% of the YS). Point D is 0.0 1  Inches (0 . 3  mm) from the Edge of 
Fracture Surface . 1 9x .  

7 1  
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A .  475x. 

10µ 

8 .  1 900x . 

F i gure 35. SEM Micrographs Showing ,. �riat ions Present at Point D 
i n  F i gure 34. Arrows Indicate Macroscopi c'.':Crack Propagat ion Direct ion. 
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Figure 3 6  is a micrograph of a D-8 specimen which was tested at a 

stress of 66203 psi (456 MN/m2) ( 66% of the D-8 UTS and 100% of the D-8 

· 7 3  

YS) . The striation pattern shown here, termed "quasi-striation" because of 

its unequal spacing, was the type of striation characteristic most commonly 

observed in the study. This particular set of striations was O .  04 inches 

( 1 .  0 mm) from the edge of the fracture surface or O .. 002 inches 

( 5 . 08 microns) inward from the case/core juncture. In previous 

micrographs one could approximate the crack propagation rates by 

measuring the striation spacing; however, because the quasi-striation 

pattern spacing is not constant, an approximation of the crack propagation 

rate is virtually impossible . Figure 37 is a micrograph of a D-8 specimen 

which was tested 489 51 psi (337 MN/m2) (49 % of the D-8 UTS and 74% of the 

D-8 YS) . The micrograph clearly depicts the ratcheted surface appearance 

which occurs at medium stress levels . Point A is located approximately 

0 .  02 inches (O. 5 mm) from the edge of the fracture surface, or 

approximately midway in the decarburized surface layer . Figure 38 shows 

a series of increasing magnifications of the striations observed at point A. 

In Figure 38A the striations are barely visible, but at 2000x in Figure 38B 

they are easily recognized. In Figure 38C note, again, the difference in 

the spacings at the lower left and near the center of the micrograph . The 

spacing at the center of Figure 38D is approximately 6. 0 x 10- 5 inches 

(O.  2 microns) . 

In Figure 39 the applied stress has decreased to 43 53 5 psi (300 MN/m2) 
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Figure 36 . SEM Micrograph Showing "Quasi-Striations" Observed 
at a Point 0. 04 Inches ( 1 . 0  mm) from the Edge of a D- 8 Fracture Surface . 
Specimen Failed after 8300 Cycles; Applied Stress, 66203 psi (456 MN/m2 ) 
(the YS). Arrow Indicates Microscopic Crack Propagation Direction. 
4500x. 
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. ,.,, . .  

Figure 37. SEM Micrograph of a D-8 Fracture Surface . Specimen 
Failed after 3 5900 Cycles; Applied Stress, 489 51 psi (3 37 MN/m2) 
(7 4% of the YS) . Point A is 0 .  02 Inches (0. 5 mm) from Edge of Fracture 
Surface. 20x. 

7 5  
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A .  S00x . 

10/J 
. ,...._ , ,. . . 

B. 2000x . 

Figure 38. SEM Micrographs of Striations Present at Point A in 
Figure 37 . Arrows Show Microscopic Crack Propagation Direction . 
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C .  S000x . 

D .  10000x. 

F i gu re 3 8 . (Conti nued) . 
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Figure 39 . SEM Micrograph Showing the Crack Initiation Site 
(Point P) . The D-8 Specimen Failed after 1 .  1 7  x 1 o 5 Cycles; Applied 
Stress , 435 35 psi (300 MN/m2) (6 6% of the YS) . Point B is 0 .  02 Inches 
(0. 5 mm) from Edge of Fracture Surface . 20x . 
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(44% of the D-8 UTS and 66% of the D-8 YS), and the fracture surface has 

changed from the ratcheted appearance to the smooth appearance with 

79 

the point of crack initiation visibl e  at point P, near the bottom of the 

micrograph . Figure 40 shows striations which appear at point B in 

Figure 3 9 . A lthough the macroscopic crack propagation direction appears 

to proceed vertical ly (see Figure 3 9), the microscopic crack propagation 

direction is toward the left of the micrograph, several tens of degrees off 

the macroscopic crack propagation direction . Figure 40C shows the 

striation spacing increasing from 2 . 0 x 1 o-S inches (O. 05  microns) to 

1 .  4 x 10-4 inches (O . 4  microns) (an increase of 600%) over a distance of 

approximately 7 .  0 x 1 o-4 inches (1 . 8 microns) . 

Care must be taken not to confuse pearl ite in a fracture surface of 

steel with striations. A typical pearlite co lony is shown in Figure 41 . 

The pearlite spacing of the co lony exhibited in Figure 41 is approximate ly 

1. 0 x 10-S inches (O . �3 microns) . 

The remaining micrographs are from the D-24 series of test specimens; 

for these particular specimens the depth of decarburization is O .  080 inches 

( 2 . 03 mm). Figure 42 shows a specimen which was tested at 69 2 3 2 psi 

(477 MN/m2) (77% of the D-24 UTS and 115%  of the D- 24 YS). Since point A 

is only 0 . 02 inches (0 . 5  mm) from the edge of the fracture surface, the 

striations shown in Figure 43 are in the primary ferrite . These striations 

are very we l I defined, and the spacing is essentia l ly constant. The striation 

spacing at the center of Figure 43C is approximate ly 1 .  1 x 1 o-4 inches 
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A .  S00x. 

10µ 

B .  2000x. 

Figure 40 . . SEM Micrographs of Striations Present at Point B in 
Figure 39 . Arrows Show Macroscopic Crack Propagation Direction. 
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C .  SOOOx. 

F i gu re 40 . (Conti n ued ) . 



Figure 41 . SEM Micrograph of Pearlite Observed at the Center of a 
D-8 Fracture Surface in a Region of Ductile Fracture . Specimen Fai led 
after 1 . 65 x 1 06 Cycles; ApplieaStress, 35448 psi (244 MN/m 2) . 
( 54% of the YS) . 4500x . 
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Figure 42 . SEM Micrograph of a D- 24 Fracture Su rface. Specimen 
Failed after 4300 Cyc les; Applied Stress, 69 2 3 2 psi (477 MN/m2) 
(115% of the YS) . Point A is O. 0 2 Inches (0 . 5 mm) from Edge of Fracture 
Surface. 20x . 
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A .  900x . 

B .  1800x. 

Figure 43 . SEM Micrographs Showing Striations Present at Point A 
in Figure 42 . Arrows Indicate Microscopic Crack Propagation Direction. 
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5µ 

C .  4500x. 

Figure 43 . (Continued) . 



(0 . 3 microns). Figure 44 shows, again, the ratcheting effect which 

8 6  

occurs at medium stress levels, and Figure 45 exhibits the striations which 

appear at point B in Figure 44. The striations are visible at 450x;  

however, one finds the unequal spacing to be the predominant fatigue 

pattern. 

The 0 - 24 specimen in Figure 46 was tested at a stress of 4049 3 psi 

( 279 MN/m2) (45% of the 0-24 UTS and 67 % of the 0-24 YS) . Here, the 

surface appears smooth, and the crack initiation site can be seen at point P. 

Figure 47 shows a fatigue pattern, frequently called a "tire track, " which 

existed at point C in Figure 46. Note that point C is 0. 08 inches (2 . 0 mm) 

from the edge of the fracture surface, directly at the case/core juncture. 

The surface in Figure 47 appears rubbed, and the upper row of the 

striations appears to have been pierced. This characteristic resulted 

from the continued piercing of the fracture surface by a protrusion from 

the mating fracture surface as the crack closed, during the compressive 

stress portion of each load cycle (10, 12, 46) ; Figure 478 depicts the 

increased spacing which results as the fracture stress increases, and 

Figures 47C and 470 show _high_er magnifications of the i'hitiation of the tire 

tracks. The spacing of the tire tracks in Figure 470 ranges from 

4. 0 x 10- 5 inches (0. 1 microns) to 2 .  0 x 1 o-4 inches (0 . 5 microns) . 

Figures 48A and 488 are micrographs of striations which were 

observed in the core microstructure of a fatigue specimen at a point 0 .  10 

inches ( 2. 5 mm) from the edge of the fracture surface. The applied st_ress 
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Figure 44. SEM Micrograph Showing a "Ratcheted" Fracture Surface . 
The D-24 Specimen Failed after 1 1 900 Cycles; Applied Stress, 52065  psi 
(3 59 MN/m2) (86% of the YS) . Point 8 is 0. 0 5  Inches ( 1 .  3 mm) from Edge 
of Fracture Surface . 1 9x .  



' . 

50µ 

A .  450x . 

8 .  1800x. 

F igure 45 . SEM Micrographs of Str iations Present at Po int 8 in 
Figure 44 . Arrows Show Microscopic Crack Propagation Direct ion . 

8 8  
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1 MM 

Figure 46 . SEM Micrograph of a D-24 Fracture Surface . Specimen 
Failed after 1 . 52 x 10 5 Cycles; Applied Stress , 40493 psi (279 MN/m2 ) 
( 67% of the YS) . Point C is 0.08 Inches (2 . 0  mm) (the Decarburized 
Depth) from Edge of Fracture Surface. Point P Shows the Crack Initiation 
Site . 20x . 



50µ 

A. S00x . 

B. 1 000x . 

Figure 47 . SEM Micrographs Showing Striations Present at Point C 
in Figure 46. Arrows Indicate M acroscopic Crack Propagation Direction. 
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10µ 

C. 2000x. 

D. SOOOx. 

Figure 47. (Continued). 
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A .  l 000x. 

F igure 48 . SEM Micrographs of Str iat ions Observed at a Point O .  10 
Inches (2 . 5 mm) from the Edge of a D- 24 Fracture Surface. Spec imen 
Fa i led a fter 8 .  30 x 105 Cyc les; Appl ied Stress, 34042 psi ( 235 MN/m2) 
( 56% of the YS). Points D ,  E ,  and F Show , Respectively, a Pearl i te 
Colony, a Region of Ducti le  Fracture, and lnclusio�s . . Arrows Show 
Microscopic  Crack Propagation D irection . 
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B .  2000x . 

F i gu re 48 . (Cont i nued) . 
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w a s  34042 ps i ( 2 3 5  M N /m 2 ) ( 3 8% o f  the D- 2 4 UTS and 5 6% o f  the D - 2 4 YS ) . 

F i g u re 48A s hows that str ia ti on s  cover the maj or po rtion of the m i crog ra ph . 

U n l i ke most of the str iati ons observed i n  pr i ma ry fer r i te a reas , the 

str iat ions observed here a re poo r l y  defi ned and ha ve a s pac i ng wh ich i s  

essenti a l ly con stant (a pprox i mate ly  5 .  0 x 1 0- 5 i nches o r  O .  1 m i cron s )  . 

Poi nt D i n  F ig u re 48A s hows a pea r l i te colony , and po i nt E i n  the sa me 

fig u re shows a reg ion of duct i l e  fractu re . . In F i g u re 488 severa l 

i nc l u s ions a re ev ident i n  the v i c i n i ty of po i nt F .  

The I nfl uence of Deca rbu r i zation 
on Su rface Appea ra nce 

A l though deca rbu r i zat ion had a neg l i g i b l e  effect on the macroscop ic  

s urface appea ra nce , the  sca nn i ng e l ectron m i croscopy (S E M )  proved that 

the presence of su rface deca rbu r i zation g reat ly  affects the str iat ion 

mo rpho logy . Wh i l e str iations were observed i n  both _deca rbu r i zed and 

non-deca rbu r i zed reg ions ,  the ev idence presented i n  the fractog ra ph ic 

a na l y s i s  of these s pec i mens c l ea r ly i nd i cates tha t str iat ions a re i n va r iab l y  

more prone t o  fo r m  i n  t h e  p r i m a ry fer r i te . Th i s  has  a l so recent ly  been 

reported by A i ta and Weertman ( 1 ) . The str iat ions shown here cor re l ate 

c lose l y  w i th the work of Kotera zawa a nd a s soc iates ( 46)  who found , a s  

d id th i s  author , the qua s i - str iati on to b e  the p redom i nant fat igue pattern 

in  med i um ca rbon steel . 
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Summary 

Wh i l e the macroscop ic surface appea ra nces observed here were found 

to show th ree d i fferent morphol og i es ,  none of the spec i mens exh i b ited the 

c l a s s ica l  beach ma rks wh ich a re common l y  a s soc iated w i th fa t igue fa i l u res . 

A l though the or i g i n  of crack i n i t i ation wa s ea s i ly deter mi ned for most 

s pec i mens wh ich were tested at  low and med i um appl ied stres ses , 

recogn i t ion of the crac k i n i t ia tion s i te for s pec i men s tested at  h i gh stres ses 

(above the YS ) wa s not a l ways p·o ss i b l e .  

M i c ro-exam i nati on · (SEM observation fo r  the most pa rt) i nd i cated that 

two types of fati gue str ia tions exi sted : ( 1 )  mutua l l y pa ra l l e l  str ia tion s ,  

a nd ( 2 )  q ua s i -str iat ions . ,,,, Wh i l e both types were pres ent i n  the fractu re 

s u rfaces , q ua s i -str ia t ions were common l y  observed . Str iat ion dens ity ,  

wh i ch wa s g reat ly enha nced b y  a n  i nc rea s e  i n  depth o f  deca rbu ri zation , 

wa s a ffected by the app l i ed i n  the fo l low i ng way s :  at  stres ses nea r a nd 

above the YS , an a rea of duct i l e  fractu re covered the major portion of the 

fractu re su rface , but as the app l i ed stress dec rea sed the percentage of 

a rea covered by ducti l e  fractu re dec rea sed a nd the precentage of a rea 

covered by str iations (both m utua l l y pa ra l l e l  and quas i - str iation ) 

i ncrea sed; however ,  a s  the endu rance l i m i t  of each S-N curve w a s  

approached t h e  area covered b y  str iat ions (both mutua l l y para l l e l  and 

q uas i - str iat ion) dec rea sed a nd wa s rep l aced by a rubbed s u rface 

appea rance . The fa t igue pa ttern most com mon to these cond it ions wa s 



tire tracks, a characteristic which resul ted from the continued piercing 

of the fracture surface by a protrusion from the mating fracture surface. 

Visibility of a l l fatigue patterns was, in general,  l imited to 

magnifications of 4 50x and above, a lthough for appl ied stresses above 
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the yield strength striations were observed at l ower magnifications . 

Striations observed in the non-decarburized regions (core microstructure) 

were, for the most part, poor ly defined and, in genera l, surrounded by 

pearlite colonies, incl usions and regions of ductile  fracture. Microscopic 

crack propagation directions were found to deviate several tens of degrees 

from the macroscopic direction . The non-constant spacing of quasi­

striations prevented the correlation of app lied stress with striation 

spacing, a correlation which as been found to exist in the classical studies 

conducted using aluminum a l l oys. 

Alth?ugh much research remains to be conducted for carbon steels, 

this study has provided information regarding striation morpho logy in 

both decarburized and non-decarburized medium carbon steels. 

Furthermore, the combination of the fatigue tests, tensil e  tests, and 

fatigue fractography has provided a more detailed examination of 

decarburization in SAE 1042 stee l than has been previous ly reported . 



CHAPTER 6 

CONCLUSI ONS 

The studies of decarburization in SAE 1042 steel and its effect on 

fatigue life, tensile properties, and fatigue fractography have yielded 

conclusions which are categorized in the following three areas . 

Effects of Decarburization 

1. The presence of a decarburized surface layer severly reduces 

the fatigue life in a normalized medium carbon steel. Although additional 

damage to fatigue life is incurred as the depth of decarburization is 

increased, the initial decarburization has the greatest effect on the 

fraction of I ife degradation . 

2. Monotonic tensile loading does not indicate degradation of fatigue 

strength . Although there is some degradation in both the yield and tensile 

strengths with decarburization, the amount of degradation is insignificant 

until a large amount of decarburization is observed. 

3. The removal of the decarburized surface layer by a subsequent 

machining operation can completely restore the initial tensile properties. 

Macroscopic Surface Appearance 

While decarburization has a neg I igible effect on the macroscopic 

surface appearance in fatigue failures, variation in the applied stress 

of fatigue tests results in the occurrence of three distinct fracture surface 

97 



appearances: ( 1 )  a "jagged" fracture surface at high stresses (above 

the YS) , (2) a "ratcheted" fracture surface at medium stresses 

(approximately 1/2 of the UTS) (below the YS) , and (3) a "smooth" 
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fracture surface at low stresses (approximately 1 /2 of the YS) . Numerical 

stress values at which one surface appearance surrenders to another 

surface appearance are not clearly defined, but the regions of change are 

apparently related to the tensile and yield strengths . 

Striation Visibility, Density, and Spacing 

1 .  Ductile fatigue striations, in general, are visible at magnifications 

above 450x . Striations are observed in both decarburized and non­

decarburized regions, but are more prevalent in the primary ferrite. 

2. Striation density is enhanced by ( 1 )  a reduction in the applied 

stress, and (2) an increase in the depth of surface decarburization. 

3 .  Although striation spacing was found to increase with an increase 

in the fracture stress, no direct correlation between the applied stress 

and striation spacing can be determined for materials which exhibit 

primarily "quasi-striation" fatigue patterns. 



CHAPTER 7 

FUTURE WORK 

The study of the effects of deca rbu r i zat ion on fat i gue l i fe ,  ten s i l e  

properti es , a n d  fati gue fractog ra phy i n  SA E 1 042 stee l ha s shown the 

neces s i ty for expa nded resea rch in the fo l low i ng re l ated a rea s . 

1 .  Fat i gue tests s hou l d  be run u s i ng s pec i mens w h i ch a re i n i t i a l l y 

deca rbu r i zed , but w i l l  have had the deca rbu r i zed s u rface layer 

removed by mach i n i ng pr ior to test i ng . 

2 .  Str iat ion morpho logy i n  stee l s  s ho u l d  be stud i ed ,  ut i l i z i ng 

u n id i rectiona l bend i ng . 

3 .  A categor i zation of fat igue patterns and the mater ia l s  i n  wh ich 

they a re found s ho u l d  be i mp l emented . 

4 .  A tho rough · i nvesti gation of the c rack i n i t iat ion stage shou l d  be 

conducted in m i c rostructu res common to ca rbon stee l s  to determ i ne crack 

i n i t iat ion t i mes fo r  va r ious leve l s  of app l i ed stress . 

5 .  M icroscop i c  crack propagation rates s hou l d  be exam i ned i n  

m i crostructu res such a s  fer r i te ,  pea r l  i te ,  and ma rtens i te to g i ve 

quant i tati ve c rack propagation rates . 
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5 8  2 J ll  1 5 3 6  
5 9  2 2 3  3 9  
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l'I E A N  S QU AR E 

4 1 . 2 1 7<1 4 75 7  

1 6 . 91J 8 6 9 4 4 1 

F V A LU E  

2 . 4 3  

F V A LU E  

2 .  4 J 

P B  > F 

0 . 1 2 2 1 

O F  

P B  > I T  I 

0 . 0 0 0 1 
0 .  1 2 2 1 

S T D  E R R O R  O F  
E5 T i l'I A T E  

0 . 7 8 4 9 50 6 1 
0 . 0 0 0 8 9 ] 6 8  

P R  > f' 

o .  1 22 1 

STD  DEV 

4 . 1 1 6 8 7 92 1 

T Y P E  IV S S  

!J l . 2 1 7 9 4 7 5 7  

R -SQU A R F.  

0 . 0 2 4 2 1 5  

F V A  LU E 

2 . 4 ] 

c . v .  

2 .  0 2fl 9  

Y 11 EA N 

2 0 2 . 9 1 00 0 00 0  

PR  > F 

o. 1 22 1  



OD S y 

1 1 4 7 
2 1 5 1  
J 1 6 5  
4 1 8 9 
5 1 9 8 
6 2 0 2  
1 2 0 2  
8 206  
9 2 0 8  

1 0  2 0 5  
1 1  2 0 4  
1 2  2 1 1  
1 J 2 0 9  
1 4  2 1 0  
1 5  2 05 
1 6  20 1 
1 7  20 1 
1 8  2 0 7  
1 9  20 1 
2 0  1 Q 2 
2 1  1 4 7 
2 2  1 6 5  
2 )  1 8 5 
2 4  1 86 
2 5  1 9 4 
2 6  1 94 
2 7  2 0 "  
2 8  2 0 4  
2 9  2 0 0 
J O  206  
J 1 2 0 Q  
3 2  204  
J J  2 0 2  
3 4  1 9 8 
3 5  2 0 4  
3 6  2 0 Q  
) 7  1 99 
] 8  2 0 2  
3 9  1 3 9  
Q O  1 5 1  
4 1 1 6 2  
4 2  1 7 6 
4 3  1 9 4  
Q 4  2 0 0  
4 5  1 98 
4 6  1 9 9 

a I CROtt A R D H ES S  DAT A - 8 HOU R S  A T  1 55 0  r.  - 3 8  " I L  DEC AB B U R I Z ED DEPTH  

X 

1 6  

4 6  
7 6  

1 26 
1 76 
2 26 
2 7 6  
3 26 
)76 
4 26 
526  
626  
726  
826  
9 26 

1 0 26 
1 1 26  
1 226 
1 3 5 1, 

1 8  
4 8  
7 8  

1 2 8 
1 7 8 
2 2 1:l  
278 
328 
3 7 8  
4 2 8  
5 2 8  
fl l 8  
72 8 
8 2 8  
9 2 8  

1 02 H  
1 1 28  
1 228  
1 ) 28  

20 
50 
8 0  

1 30 
1 8 0  
2 3 0  
280  
3 30 

X 2  

2 5 6  
2 1 16 
5 7 76 

1 5 87& 
3 0 97n 
5 1 0 76 
7 6 1 "16 

1 06 J.7n 
1 4  1 3 76 
1 8 1 4 76 
2 7 6 & 76 
3 9 1 876  
5 2 7 0 76 
6 8 2 276  
8 57 476  

1 0 5 2 6 76 
1 26 7 8 76 
1 5 0 3 0 76 
1 8 J J 3 1 6  

3 2Q 
H O Q  
6 0 8Q 

16 3 8 4  
) 1 6 84  
5 1 98 '• 
7 7 2 U4 

1 0  7 5 84 
1 4  2 8 84 
1 8 3 1 84 
2 7 8 784  
3 9 " 3 84 
5 2 9 9 1:J Q  
6 8 5 5 84 
86 1 1 84  

1 05 6 784  
1 27 .2 3 8 4  
1 5 07 9 84 
1 76 3 5 84 

4 0 0  
2 500 
6 4 00 

1 6 900 
J 2 Q OO 
5 2 900  
7 8 4 00 

1 0 8 900 

X l  

4 0 9 6  
9 7 3 3 6  

4 3 8'H6 
2 0 00 3 7 6  
5 4 5 1 77 6  

1 1 5 11 3 1 76 
2 1 0 2 4 5 7 6  
) 4 64 5 �7 6  
5 3 1 57) 76 
77 3 0 877 6 

1 4 5 5 3 1 5 7 6  
2 4 5 )  1 4 3 7 6  
3 8 2 6 57 1 7 6 
5 6 3  5 5 9') 7 6  
7 9 4 0 2 27 76 

1 0 8 0 0 4 5 5 7 6  
1 Q 27 6 2 R J 7 6  
1 8 4 2 77 1 1 7 6 
24 82 3 0 9 8 6 4  

5 8 3 2  
1 1 0 5 9 2  
4745 5 2  

2 0 9 7 1 5 .2  
5 6 H7 5 2  

1 1 8 52 3 52 
2 1 4 8 4 9 5 2  
3 5 2 8 7 5 5 2  
5 4 0 1 0 1 5 :l 
7 8 •W 27 5 2  

1 47 1 97 9 52 
2 4 7 6 7 3 1 5 2 
3 8 5 8 2 8 3 5 2  
5 6 7 6 6 ]552  
7 9 9 1 7 8 7 5 2  

1 0 8 6 ) 7 3 9 5 2 
1 4 3 5 2 4 9 1 52  
1 8 5 1 804 3 5 2  
2 3 4 2 0 3 95 5 2  

80 0 0  
1 2 50 0 0  
5 1 2 0 0 0  

2 1 9 7 0 0 0  
5 8 3 20 0 0  

1 2 1 67 0 0 0  
2 1 9 5 2 0 0 0  
J 5 9J70 00  

X 4  XS  

6 5 5 3 6  1 0 4 8 5 7 6  
11 4 7 74 56 2 0 5 9 6 29 7 6  

) 3 3 6 2 1 7 6 2 5 3 5  5 2 5 3 76 
2 5 2 0 4 73 7 6  3 1 7 57 9 6 9 3 7 6  
9 5 9 5 1 2 5 7 6  1 6 887 4 2 1  J J 7 6  

2 6 0 8 7 57776  5 8 9 5 7 9 2 5 7 3 7 6  
5 8 0 2 7 U 29 7 6  1 . 6 0 1 57 E • 1 2  

1 1 2 9 4 5 8 8 1 76 3 . 6 8 2 0 4 E • 1 2  
1 9 9 8 7 1 7 ]) 7 6  7 . 5 1 5 1 8 E • 1 2  
3 29 ] ) 5 3 8576  1 . 4 0 2 9 7 E • 1 3  
7 6 5 4 9 6 0 89 7 6  4 . 0 2 6 5 1 E+ 1 J  

1 53 5  66 7 9 9) 7 6  9 . 6 1 J 2 8 E+ 1 J  
2 7 7 80 9 1 0 9776  2 . 0 1 6 8 9 E • 1 4  
46 5 500 5 4 0 1 76 J . 84 50 3 E • 1 4  
7 ) 5 2 6 5 0 9 0 5 7 6  6 . 8 0 85 5 E• l ll 

1 .  1 08 1 3  E• 1 2  1 . 1 J 6'1 4 E • 1 5  
1 . 6 0 7 5 1 Et 1 2  1 . 8 1 0 0 6 E t 1 5  
2 . 2 59 2 4 E• 1 2  2 . 7 6 9 8 3 E• 1 5  
J . J 6 1 0 5 E t 1 2  4 . 5 5 0 8 6 E+ 1 5  

1 0 4 9 7 6  1 8 8 9 5 6 8  
5 3 0 8 4 1 6  2 5 4 8 0 3 96 8  

3 7 0 1 50 56 2 8 8 7 1 74 3 6 8  
2 6 8 4 3 5 4 56 ) 4 ] 5 9 7 3 8 3 6 8  

1 0 0 3 8 7 5 8 56 1 7 8 6 8 9 '1 0 2 3 6 8  
270 2 3 3 6 2 5 6  6 1 6 1 3 26 6 6 3 6 8  
5 9 7 2 8 1 66 5 6  1 . 6 6 0 4 4 E+ 1 2  

1 1 5 7 4 3 1 70 56 3 . 7 9 6 3 8 E • 1 2  
2 0 4 1 5 8 37 4 5 6  7 . 7 1 7 1 9 E + 1 2  
J .1 5 5 6 3  7 7 8 56 1 . 4 3 6 2 1 E • 1 3  
7 7 7 2 0 5 1 86 5 6  4 . 1 0 3 6 4 E • 1 3  

1 5 55 3 8 7 J9 Q 5 6  9 .  7 6  7 8 J E +  1 J  
28 08 8 3 0 4 02 5 6  2 . 0 4 4 8 3 E • 1 4  
4 7 00 2 5 4 2 1 0 56 3 . 8 9 1 8 1 E • 1 4  
74 1 6 37 8 8 1 0 56  6 . 8 8 2 4 0 E • 1 4  

1 . 1 1 6 7 9 E • 1 2  1 . 1 Q 80 6 E • 1 5  
1 . 6 1 R 9 6 E • 1 ..!  1 . 8 2 6 1 9 E• 1 5  
2 . 27 4 0 2 Et 1 2  2 . 7 9 24 9 E t 1 5  
3 . 1 1 0 2 J Et 1 2  4 . 1 3 0 ) 8 E+ 1 5  

1 6 0000  3 2 00 0 0 0  
6 2 5 0 0 0 0  3 1 2 5 0 0 0 0 0  

4 0 9 6 0000  3 2 7 6 8 00 0 0 0  
2 8 5 6 1 0000  ) 7 1 2 9 3 0 0 0 0 0  

1 0 4 9 7 6 00 00 1 88 9 5 6 8 0 00 0 0  
2 7 9 8 4 1 0000  6 4 36 J q 1 0 0 0 0 0  
6 1 Q 6 5 60000  1 . 7 2 1 0 4 E • 1 2  

1 1 8 5 9 2 1 00 0 0  J . 9 1 3 5 4 E • 1 2  

X 6  

1 6 77 7 2 1 6  
q 4 7 4 2 9 6 8 9 6  

1 <J 26 9 9 9 2 85 7 6  
4 • 0 0  1 5 0 E • 1 2 
2 . 97 2 1 9 E• 1 J  
1 . J 3 2 4 5 E• 1 4  
4 . 4 20 J J E • 1 !i 
1 . 200 3 4 E • 1 5  
2 . 8 2 5 7 1 E • 1 5  
5 . 97 6 & 5 E • 1 5  
2 . 1 1 7 9 1H • 1 6  
6 . 0 1 7 9 1 E+ 1 6  
1 . 46 4 2 7 E t 1 7  
3 . 1 76 0 0 E • 1 7  
6 . 3 04 7 2 E+ 1 7  
1 . 1 6 65 0 E • 1 8  
2 . 0 J 8 1 .2 E • 1 8  
3 . J9 5 8 1 E • 1 8  
6 . 1 6 1 8 6 E • 1 8  

· 3 4 0 1 2 22 4 
1 2 2 3 0 5 9 04 & 4  

22  5 1 99 6 0 07 0 4  
4 . J'J 8 0 5 E+ 1 2  
J .  1 8 0 6 8 E +  1 3  
1 . 4 0 4 7 8 E • 1 4  
4 . 6 1 6 0 3 E • 1 4  
1 . 24 5 2 1 E+ 1 5  
2 . 9 1 7 1 0 E • 1 5  
6 . 1 4 6 9 9 E • 1 5  
2 . 1 6 6 7 2 E t 1 6  
6 . 1 34 2 0 E • 1 6  
1 . 4 8 8 6 'H • 1 7  
3 . 22 2 4 2 E • 1 7  
6 . J 8 & 87 E • 1 7  
1 . 1 1J 0 2 1 E+ 1 8 
2 . 05 9 9 4 E+ 1 8  
3 . 4 2 9 1 8 E t 1 8  
5 . 4 8 5 1 5 E • 1 8  

& 4  0 00 0 0 0  
1 5 6 2 5 0 00 0 0 0 

26 2 1 4 4 0 0 0 0 0 0  
4 . 82 6 8 1 E + 1 2  
J . 4 0 1 2 2 E • 1 3  
1 . 4 8 0 J 6 E+ l q  
4 . 8 1 8 9 0 E + l q  
1 . 29 1 4 7 E • 1 5  -

N 
O'> 



111C.: ROH A R  DN ESS  DAT A - 8 HO U R S  A T  1 5 5 0  F.  - 3 8  � I L  DECA R BU R I Z ED DEPT H 

O B S  y X X2 X 3  X 4  X S  X 6  

4 7  1 9 7 380  1 4 4 400 54 8 7 2 0 0 0  2 0 tJ 5 1 J 6 0000  7 . 9 2 35 2E t 1 2  3 .. 0 1 0 9 4 E t 1 5  
4 8  2 0 0 4 30 1 8 4 'JOO 7 9 507000  3 4 1 8 8 0 1 0000  1 . 4 7 0 0 8 E t  1 J 6 .. J2 1 36 E t 1 5 
4 9  1 <J 'J 530  2 8 0 900 1 4 8 87 7 0 0 0  7 8 9 0 4 8 1 00 00 4 . 1 8 1 9 5 E • 1 3  2 .. 2 1 6 4 4 E t 1 6  
50  1 9 8 6 30 3 9 6 9 00 2 5 0 0 4 7 0 0 0  1 5 7 5 29 6 1 0000  9 .  924  HE•  1 3  6 .  2 5 2 3 5 £ •  l fj 
5 1  2 0 0  7 3 0  5 3 2 9 00 3 8 9 0 1 70 0 0  28 39 8 2 4 1 00 0 0  2. 0 7 3 0 7 E •  1 4  1 . 5 1 3 ] 4 £ • 1 7  
5 2  1 9 8 830 6 8 8 900 57 1 7 8 70 0 0  4 7 4 5 8 3 2 1 0000  J . 9 3 90 4 £ • 1 4  3 . 26 9 4 0 E • 1 7  
5 3  2 0 4  930 864  900 8 0 4 3570 0 0  74 80 5 2 0 1 0000  6 . 9 5 6 8 8 £+ 1 4  6 . 4 6 9 <J O E t 1 7  
5 4  2 0 3  1 0 30 1 06 0 9 00 1 0 9 2 7 2 7 0 0 0  1 . 1 2 5 5 1 £ • 1 2  1 .  1 5 9 2 7 E+ 1 5  1 . 1 'J 4 0 5 E • 1 8  
55  2 1 0  1 1 3 0  1 2 7 6 900 1 4 42 A97000  1 . 6 3 0 4 7 £ • 1 2  1 . 8 4 2 4 4 £ • 1 5  2 . 08 1 9 5 £+ 1 8  
56  204  1 230 1 5 1 2 900 1 8 6 0 86 7000  2 . 2 U 8 8 '1 E t 1 .!  2 . 8 1 5 3 1 E t 1 5  3 . 4 6 2 8 3 £ + 1 8  
57  2 0 9  1 J J O  1 76 8 9 00 2 3 52 6 370 0 0  3 . 1 29 0 1 E t 1 2  4 . 1 6 1 5 8 E t 1 5  5 . 5J 4 <J O E • 1 8  
58  203  1 4 .J O 2 0 4 4 9 00 2 9 2 4  2 07000  4 . 1 8 1 6 2 E t 1 2  5 . 9 7 9 7 1 r. • 1 5  8 . 55 0 9 9 £ + 1 8  
5 9  1 11 7 2 3  5 29 1 2 1 6 7 2 7'J 8 4 1 6 4 36 3 4 3 1 4 8 0 3 5 8 8 9  
60  1 5 9 53 2 809 1 4 8 8 7 7  7 8 9 0 1� 8 1  4 1 8 1 95 4 9 3  2 2 1 64 3 6 1 1 2 9  
6 1  1 6  7 83  6 8 89 57 1 7  87  4 7 4 5 tU2 1 3 9 3 9 0 4 06 4 3  ]2 6 94 0 37 1 3 6 9  
6 2  1 7 9  1 1 3 1 2769  1 4 4 2 8 9 7  1 6 3 0 4 73 £> 1 1 8 4 2 4 3 5 1 7 9 3  2 . 08 1 9 5 £+ 1 2  
6 3  1 8 7 1 6  3 2 6 56 9  4 33 0 7 4 7  7 0 5 9 1 1 7 6 1 1 1 50 6 36 1 7 0 4 3  1 . 8 75 54 E t 1 3  
6 4  1 9 4  2 1 3  4 5 369  9 6 635 97  20 58 3 4 6 1 6 1  4 3 84  2 7 7  3 2 2 9 3  9 . J J 8 5 1 E • 1 3  
65  204  263  6 9 1 6 q  1 8 1 9 1 4 4 7  4 7 8 4 3 5 056 1 1 . 2 5 8 2 8 E t 1 2  3 . 3 09 2 9 E t 1 4  
66  207  3 1 3  97969  3 0 6 6 4 2 97  9597 9 2 4 9 6 1 3 . 0 0 4 1 5 £ • 1 2  9 . 4 0 2 9 9 £+ 1 4  
6 7  2 0 7  363  1 3 1 7 69 4 7 8 32 1 11 7  1 7 3 6 3 0 6 93 6 1  £> .  J 0 2 7 9 E +  1 2  2 . 2 8 7 9 1 E t 1 5  
6 8  2 0 3  4 1 1  1 70 569  7 0 4 4 4 9 97 2 90 9 3 7 8 37 6 1 1 . 2 0 1 5 7 E • 1 3  4 . 962 5 0 E t 1 5  
6 9  2 0 7  4 6 3  2 1 4 J 6q  9 9 2 52 8 4  7 4 59 54 0 6 8 1 6 1 2 . 1 2 7 6 71': • 1 3  9 . 8 5 1 1 J E • 1 5  
70  209 56 3 3 1 6 9 69 1 7 0 4535 4 7  1 0 0 4 6 9 3 4 6 96 1 5 . 6 5 6 4 2 E • 1 l  3 . 1 84 57 £• 1 6  
7 1  2 1 0  663  4 3 9 5 6 9  29 1 4 3 42 4 7  1 9 ] 2 20 9 0 57 6 1  1 . 2 8 1 0 5 E + 1 4  8 . 4 9 3 3 9 E t 1 6  
7 2  2 1 1  763  5 8 2 1 69 4 4 4 1 94 9 4 7  3 3 8 9 2 0  7 4  4 5 6 1 2 . 5 8 5 9 7 E • 1 4  1 . 97 J OIJ Et 1 7  
7 ]  2 1 1 86 3 74 4 7 6 9  6 4 2 7 3 56 4 7  55 4 6 8 0 8 6  3 36 1 4 . 7 8 6 9 0 £ • 1 4  ll . 1 1 1 0 9 £• 1 7  
7 4  206  963  9 2  7 3 69  8 9 3 0 56 J li 7  8600 1 3 2 6 2 1 6 1  8 . 28 1 9 3 E t 1 4  7 . 97 5 5 0 £ • 1 7  
7 5  2 1 0 1 06 .J 1 1 2 9 9 69 1 2 0 1 1 5 7 0 IJ ? 1 . 27 6 8 3 £+ 1 2  1 . 357 2 7 £+ 1 5  1 . 4 4 2 7 8 £ • 1 8  
7 6  1 96 1 1  b 3 1 3 5 2 569  1 57 J O J 77 4 7  1 . 8 2 9 4 4 £+ 1 2  2 . 1 2 7 6 4 E+ 1 5  2 .. 4 7 4 4 5 Et- 1 8  
77 209  1 26 3  1 595 1 69 2 0 1 4 6 9 84 4 7  2 . 54 4 5 6 E+ 1 2  J. 2 1 3 7 8 E • 1 5 4 .. 05 90 1 E+ 1 8 
7 8  2 0 7  1 363  1 85 7769  2 53 2 1 3 9 1 47 3 .. 4 5 1 3 1 £ + 1 2 q . 70 4 1 3 Et- 1 5  6 . 4 1 1 7 3 E t 1 8  
79  204  1 46 3  2 1 4 0 369  3 1 3 1 3598 4 7  4 . 5 8 1 1 8 £ • 1 2  6 . 7 0 2 2 7 E+ 1 5  9 . 805 4 1 E + 1 A  
80  1 4  1 39 1 5 2 1  593  l 'J 2 3 1 3 4 4 1  9 0 2 2 4 1 9 9 35 1 8 7 4 376 1 
8 1  1 5 4  6 9  4 7 6 1 3 2 8 5 0 9  2 2 6 6 7 1 2 1  1 56 4 0 3 1 3 4 9  1 0 7 9 1 8 1 6 ] 08 1  
8 2  1 6 8 99 9 8 0 1 97 0 2 ') 9  9 6 0 5 960 1 950 '1 9 0 0 4 9 9  94 1 4 80 1 4 9 40 1 
8 ]  1 8 0  1 2 9 1 6 6 4 1  2 1 4 66 8 9  2 7 6 9 2 288 1 3 5 7 2  3 0 5 1 6 4 9  4 . 608 27 E • 1 2  
8 4  H l 2  1 59 2 5 2 8 1  q 0 1 96 7 9 6 ]9 1 2 89 6 1 1 0 1 6 2 1 5 0 4 7 99 1 . b 1 5 7 8 Et 1 3  
85  1 85 1 89 ] 5 7 2 1  & 7 5 1 2 6 9  1 2 7 5 9 8 984 1 2 1l 1 1 6 20 7 9 9 4 9  4 .  557 96 £ •  1 J 
8 6  1 8 &  2 1 9 4 7 9 6 1  1 0 50 3 4 5 9  2 ] 0 0 2 5 75 2 1  50 3 75 6 3 97 0 9 9  1 . 1 0 3 2 J E t 1 4  
87  200  2 49  6 2 00 1 1 5 4 382 4 9  3 8 4 4 1 2400 1 9 5 7 1 8 6 8 7 6 2 4 9  2 . 38 3 4 0 E t 1 4  
88  1 97 279  7 7 8 4 1 2 1 7 1 76 3 9  6 0 5 9 2 2 1 2 8 1 1 . 6 9 0 5 2 E t 1 2  4 . 7 1 6 56 £+ 1 4  
89  202  309  9 5 4 8 1 2 9 5 0 3 6 2 9  9 1 1 6 6 2 1 3 6 1  2 . 8 1 7 0 4 E+ 1 2  8 . 704 6 4 E t 1 4  
90  1 9 9  3 39  1 1  q 9 2 1  ) 8 95 82 1 9  1 32 0 6 8 3 62 4 1  4 . 4 7 7 1 2 £ • 1 2  1 . 5 1 7 7 4 Et- 1 5  
9 1  1 9 9 369  1 3 6 1 6 1 50 2 4 3 4 0 9  1 05 3 9 8  1 79 2 1  6 . 84 1 1 9 E • 1 2  2 . 52 4 4 0 E+ 1 5  
92  2 0 0  3 9 9  1 59 2 0 1  6 3 5 2 1 1 9 9 2 53 4 4 9 5 84 0 1  1 . 0 1 1 2 6 £ + 1 .1  4 .. 0 3 4 9 4 E + 1 5  -

N 
....... 



ft I C R OH A R D N ES S  D A T A  - 8 HO U R S  AT 1 5 5 0  f .  - 1 8  ft I L  DEC A R O U R I Z E D  DEP T H  

O B S  y X X 2  X 3  X 4  X S  X 6  

9 3  2 0] 4 2 9  1 8 4 0 4 1  7 89 5 ] 5 89 J J 87 1 0 8 9 6 8 1  1 . 4 5 1 0 7 E • 1 J  6 .  2 J J 6  7 E •  1 5  
9 4  1 9CJ 4 7 9  2 2 9 4 4 1 1 0 9 9 02 2 3 9  5 2 6 4 3 1 7 2 4 8 1  2 . 5 2 1 6 1 E • 1 1  1 . 2 0 7 8 5 E • 1 6  
95 2 04 5 2 9  2 7<J 8 4 1  1 4 80 35 8 8 9  7 8 3 1 0 9 85 2 8 1  4 . 1 4 2 6 S E • 1 1  2 . 1 9 1 4 6 E H 6  
9 6  2 02 57 9 3 3 5 24 1 1 9 4 1 04 5 H  1 1 2 ) 8 6 5 2 8 0 8 1 6 . 5 0 7 1 8 E • 1 3  3 . 7 6 7 6 6 E • 1 6  
97 2 06 6 2 9  1 9 5 6 4 1 2 4  8 8 58 1 0 9  1 56 5 3 1 800 8 8 1 9 . 8 4 5 8 5 E • 1 J  6 .  1 9 3 0 4 E • 1 6  
9 8  2 0 4  6 7 9  4 6 1 04 1  ] 1 3 0 4 6 8 J<J 2 1 2 5 5 8 80) 6 8 1 1 . 4 4 J 2 7 E • 1 4  9 . 7 99 8 J E • 1 6  
9 9  2 05 7 2 9  S J  1 4 4 1 3 8 7 4 2 0 4 8 9  2 8 2 4 2 9  5 J 6 4 8 1  2 . 0 5 8 9 1 E • 1 4  1 . 5 0 0 9 5 E • 1 7  

1 0 0 2 0 1  7 7 9  6 0 6 8 4 1 47 2 7 2 9 1 3 9 3 6 8 2 5 5 'J <J 9 28 1 2 .  8 6 8 7  l f: • 1 4  2 .  2 3 4 7 J E •  1 7  
1 0 1  l 0 2  82 9 6 8 7 2 4 1  5 6  9 7 2 2 7 8 9  4 7 2 3 0 0 1 92 0 8 1  J . 9 1 5 J 7 E • 1 4  3 . 2 4 5 8 4 E • 1 7  
1 0 2 1 99 87 9 7 7 2 6 4 1 6 7 9 1 5 1 4 39 5 9 6 9 7 4  1 1 4 8 8 1  5. 2 4 74 0 E • 1 4  4 . 6 1 2 4 7 E • 1 7  
l O J 2 02 9 2 9  8 6 3 04 1 80 1 7 65 0 8 9  7 4 4 8 J <J 76 7 6 8 1 6 . 9 1 95 6 E • 1 4  6 .  lt 2 8 2 7 E •  1 7  
1 0 4 2 08 9 7 9  9 5 1:1 4 4 1 9 3 8 3 1 3 7 3 9  9 1 8 6 0 9 1 50 4 8 1 8 . 9 9 3 1 8 E • 1 4  8 .  8 0 4 J J E •  1 7  
1 0 5 1 98 1 0 2 '1  1 0 5 8 84 1 1 0 8 ? 5 11 7 )  8 9  1 . 1 2 1 1 4 E • 1 2  1 . 1 5 1 6 6 E •  1 5  1 . 1 07 1 1 E • 1 8  
1 06 2 0 1 1 0 7 9  1 1 6 4 2 4 1 1 2 5 6 2 1 6 0 3 9  1 . 3 5 5 4 6 E • 1 2  1 . 4 6 2 5 1t E • 1 5  1 .  57 80 8 E •  1 8  
1 0 7 206 1 1 2 9  1 2 7 4 6 4 1 1 4 3 9 0 6 96 8 9  1 . 6 2 4 7 1 E • 1 2  1 . 8 3 4 J O E • 1 5  2 . 07 0 9 2 E • 1 8  
1 08 1 98 1 22 9  1 5 1 0 11 4 1 1 8 5 6 ] ] 1 9 8 9  2 . 2 8 1 4 J E • 1 2 2 . 80 3 8 8 E • 1 5  J . 4 4 5 9 7 E • 1 8  
1 09 1 99 1 1 2 9  1 7 6 6 24 1 2 ] 4 73 3 11 2 89 J . 1 1 9 6 1 E • 1 2  lf . 1 4 5 9 6 E• 1 5  5 .  509 9 8 E • 1 8  
1 1 0 2 04 1 4 29  2 0 4 2 0 4 1 2 9 1 80 7 6 5 8 9  4 .  1 6 9 9 JE +  1 2  s .  95 8 8 J E • 1 5  8 . 5 1 5 1 7 E • 1 8  

-
N 
00 



D E PEN D ENT  V A R I ABL E :  y 

S O U R C E  DF  

lt U O E L  5 

E R RO R  1 0 4 

CO R R ECTED TOTA L 1 0 9  

SO URC E OF  

X 1 
X 2  1 
X J  1 
X 4  1 
X S  1 

P A R A IHT E R  ESTI 11 A T E  

I N TE H C EPT 1J 1 . 5 7 5 1 0256  
X o. 5 2 0 9 1 1 2 5  
X 2  - 0 . 00 1 4 1 1 6 ] 
X J  o . 0 0 0 0 0 1 80 
X 4  - o .  0 0 0 00000  
X S  0. 0 0 00 0 00 0  

IHCRO II A R O N E S S  D A T A  - 8 HOURS A T  1 5 5 0  F .  - 3 8  IH L DEC A R B U R I Z ED DEPT H 

SUM  OF SQU A R ES 

3 3 1 ] 1 . 2 0 3 5 5 9 2 1 

2 0 4 9 .  6 6 9 1 6  8 07 

35 1 80 .  8 72 7 2 727  

T Y PE I 55  

1 3 2 8 9 . 9 1 954 7 0 1  
1 1 3 7 6 . 6 3 4 1 7 568  
6262 .  1 3 8 9 4 8 04 
1 7 6 4 . 2 5306  3 1 3  
4 3 8 .  2 57 8 2 53b  

T FUR  1 1 0 :  
PA R A ft ET E H:O 

6 4 . 7 1 
1 6 . 77 

- 1 0 . 1 1  
1 .  20 

- 5 . 65 
4.  72 

G E N ER A L  LI N E AR  ltO OELS  P R OCEDU R E  

M E A N S QU AR E  

6626 . 2 4 0 7 1 1 84  

1 9 .  7 0 8 3 5 7 3 9  

F V A LU E  

6 7 4.  3 3  
5 7 7 . 2 5  
3 1 7. 7 4  

8 9 . 5 2  
2 2 . 2 q  

P H  > F 

0 . 0 0 0 1 
0 . 0 00 1 
0 . 0 0 0 1 
0 . 0 0 0 1 
0 . 0 0 0 1 

F V ALU E 

3 3 6 .  2 1  

DF 

P R > I T I  S T D  E R R O R  O F  
ES Ti l'I A TE 

0 . 000 1 
0 . 0 00 1  
0 . 00 0 1 
0 . 000 1 
0 . 000 1 
0 . 000 1 

2. 0 3 1 4 0524  
0. 0 3 1 0 5 87 6  
o. 000 1 1959  
0 . 0 00 0 00 2 5  
0 . 0 00 0 0000  
o .  0 0 0 0 0 0 0 0  

re > F 

o. 0 00 1  

STD DEV 

4 . 4 3 94 0 958 

T YFE  IV SS 

554 3 .  82 5 8 9 0 7 4  
20 1 5 . 5 5 5 2 2 4 1 5  
1 0 2 0 . 759 1 1 6 0 9  
6 4! 9 .  2 4  5 978  J S  
4 18 . 2 5782 5 3 &  

R-SQ U A R E  

0 _ 9q 1 7 3 9  

F V A LUE 

28 1 . 2 9 
1 0 2 .  27 
5 1 .  79 
J 1 .  9 J  
22 . 24 

c . v .  

2 .  2 8 4  l 

Y It E AN  

1 9 4 . 3 4 5 4 5 4 5 5  

P R  > F 

o. 0 00 1 
0. 0 0 0 1  
o. 0 00 1  
0 . 0 00 1 
0. 0 0 0 1  

"' 
'.0 



" I C ROH A R D N ES S  DAT A - 2 4  HOU RS  AT 1 5 50 F .  - 80 M I L  DECAR D U R I ZEO D EPTH 

OBS  y X X 2  X ]  X 4  

1 1 J 6 2 5  6 2 5  1 56 25 3 9 0 6 25 
2 1 4 6  5 5  3 0 2 5  1 6 63 7 5  9 1 50 6 2 5  
] 1 5 1  8 5  7225  6 1 4 1 2 5 5 2 2 0 06 2 5  
4 1 5 9 1 1 5 1 J 2 25 1 5 2 0 8 "15  1 7 49 0 0 6 2 5  
5 1 5 9 1 4  5 2 1 0 25  3 0 4 86 2 5  4 4 20 5 0 6 2 5  
6 1 5 6 1 7 5  3 0 62 5  5 3 5 9 3 7 5  9 3 7 8 9 0 6 2 5  
1 1 6 4  2 0 5  4 2 0 2 5  8 6 1 5 1 25 1 76 6 1 00 6 2 5  
8 1 7 5 2 J 5  5 5 2 25 1 2 9 7 7 8 7 5 304 9 80 0 6 2 5  
9 1 7 5  2 6 5  7 0 225  1 8  6 0 9 6 2 5 4 9 3 1 5 50 6 2 5  

1 0  1 7 5  2 9 5 8 7 025 2 5 6 7 2 3 7 5  1 51 J J 5 0 6 2 5  
1 1  1 8 3  ] 4  5 1 1 9 025  4 1 0 6 3 62 5  1 4 1 6 6 9 50 6 2 5  
1 2  1 8 9  3 9 5  1 5 6025  6 1 6 2 9875  2 4 3 4 3 8 0 0 6 2 5  
1 J  1 8 5  4 4 5  1 9 8 0 2 5  8 8 1 2 1 1 2 5 39 2 1 3 9 0 0 6 2 5  
1 1, 1 8 9  4 9 5  2 4 5 025  1 2 1 2 8 7) 75 600 3 7 2 5 0 6 2 5  
1 5  1 9  4 54 5 2 9 7 0 2 5  1 6 1 8 7 86 2 5  8 8 22 )0 50 6 2 5  
1 6  20 2 5 9 5  3 5 4 0 25 2 1 0 6 4 4875  1 2 5J J 3 7 0 0 6 2 5  
1 7  1 9 7  6 4 5  4 1 6 0 2 5  2 6 8 ) 3 6 1 2 5 1 7 3 0 7 6 80 0 6 2 5  
1 8  2 0 3  6 9 5  1' 8 3025 3 ] 57 0 2 3 7 5 2 33 .1 1 3 1 50 6 2 5  
1 9  20 1 7 4 5  5 5 50 2 5  1' 1 ] 4 9 ] 6 2 5  ] 08 0 5 2 7 506 2 5  
2 0  2 0 9  7 9 5  6 3 2 025  50 2 4 59875  3 9 94 5 5 6 0 0 6 2 5  
2 1  2 0 5  8 9 5  8 0  1 0 2 5  7 1 6 9 1 7 3 75 6 4 1 6 4 1 0 5 0 6 2 5  
2 2  1 9 'l  9 9 5  990 025 9 8 5 0 7 4 8 7 5  9 8 0 1 4 9 5 0 0 6 2 5  
2 1  20 3 1 0 9 5  1 1 9 9 0 2 5  1 3 1 2 9 3 23 75  1 . 4 3 7 6 6 E+ 1 2  
2 4  2 0 2  1 1 9 5  1 42 8 02 5  1 7 06 4 8 9 875  2 . 0 J 9 2 6 E • 1 2  
25  200  1 2 9 5  1 67 7 0 2 5  2 1 7 1 7 4 7 ] 7 5  2 . 8 1 24 1 E+ 1 2 
26  2 1 1  1 3 9 5  1 94 6 0 2 5  2 7 1 4 7 0 !J8 75 J. 7 8 7 0 1 E • 1 2  
21 20 2 1 4 9 5  2 23 50 25 3 3 4 1 J 6 2 J 7 5  4 . 9 9 5 34 E + 1 2  
28  1 4 1  3 4  1 1 5& 3 9 3 0 4  1 3 ] 6 ] ] 6  
2 9  1 4  1 & 4  4 0 96 2 6 2 1 4 4 1 6 7 7 7 2 1 6  
JO  1 4  9 9 4  8 8 36 8 3 0 5 8 1'  7 80 7 4 8 9 6  
3 1  1 55 1 2 4  1 5 376  1 9 06 & 2 4  2 36 4 2 1 3 76 
J 2  1 5 9 1 5  4 2 3 7 1 &  3 6 5 2 2 6 1'  5 6 2 4 4 86 5 6  
J J  1 6 2  1 8 4  3 3 856  6 2 2 9501J  1 1 4 6 2 2 8 7 3 6  
J q  1 7  J 2 1 4  4 5 796  9 8 0 0 3 4 4  20 9 7 27 36 1 6  
35  1 7 6  2 4 4  5 '}536  1 4 5 2 67 84  J5 4 4 5 J5 2 9 6  
3 b  1 7 9 2 7 4  7 50 76 2 0 5 7 08 2 4  56 J 6 !J  0 5  7 7 6  
3 1  1 8  0 3 0 4  9 2 4 1 6  2 8 0 9 44 64 8 5 4 0 7 1 7 0 5 6  
3 8  1 8 3  3 5 4  1 2 5 3 1 6  4 4 3 6 1 8 & 4 1 5 7 0 40 99 8 5 6  
3 9  1 86 4 0 4  1 6 3 2 1 6  659 J <J 2 6 1l 2 6 6 3 9 4 6 2 6 5 6  
4 0  1 8 9  4 5 4  206 1 1 6 9 3 57 6 6 6 4  4 2 !J 8 J U 054 5 6  
4 1  1 9 4 5 0 4  2 54 0 1 6  1 2 8 0 2 40 6 4  64 5 2 4 1 2 8 2 5 6  
4 2  1 9 1J 5 5 4  30 6 9 1 6  1 7 00 3 1 4 6 4  9 4 1 9 7 4 3 1 0 5 6  
4 3  1 9 q  6 0 11 3 64 8 1 6 2 20 3 4 88 64 1 3 3 0 9 0 7 1 .1 8 5 6  
4 q 1 9 4  6 5 4  4 2 7 7 1 6  2 7 9 7 2 &2 6 4  1 8 29 1' 09 7 &656  

, 4 5 1 9 8  7 0 4  4 9 5 6 1 6  3 4 8 9 1 1664  2 4 5 6 3 5 2 1 9 4 5 6  
4 6  1 9 4  7 5 4  56 8 5 1 6  4 2 8 6 6 1 0 6 4  3 23 2 1 0 4 4 2 2 5 6  -

w 
0 



" I C RO tt AR O H E S S  DATA - 24 H O U R S  AT 1 5 50 f .  - 80 "I L D E CA R B n R I Z ED DEP T H  

O D S  y X X2  X 3  X 4  

4 7  1 9 4 8 5 4  7 2 9 ] 1 (; 6 2 2 8 ) 5864  5 ] 1 9 0 1 8 2 7 8 5 6  
4 8  1 9 4  9 5 4  9 1 0 1 1 6 8 6 8 2 5 0 6 & 4  8 28 J 1 1 1 J J 4 5 6 . 
4 9  1 %  1 0 5 4  1 1 1 0 9 1 6 1 1 7 0 9 0 5 4 6 4  1 . 2 H 1 J E + 1 2  
so 20  1 1 1 5 4 1 ) 3 1 7 1 6 1 5) 6 8 0 0 2 6 4  1 . 7 7 3 4 7 E + 1 2  
5 1  2 00  1 2 5 4  1 57 2 5 1 6  1 9 7 1 9 ) 5064  2 . 4 7 28 1 E + 1 2  
5 2  1 9 6  1 ) 5 4  1 8J J J  1 6  24 82 3 0 98 64 J . J 6 1 0 5 E + 1 2  
5]  1 9 8  1 4 5 4  2 1 1 4 1 1 6 J 0 7 ] 9 2 4 6 6 4  4 . 4 6 94 9 E + 1 2  
5 4  1 3 4  2 6  676  1 75 7 6  . 4 5 6 9 7 6  
5 5  1 4 6 5 6  ] 1 36 1 7 56 1 6 9 8 3 " 4 9 6  
56 1 5 1  8 6  7 )96  6 3 6056 5 4 7 008 1 6  
57 1 5<J 1 1 6 1 ) 4 5 6  1 5 6089 6  1 8 1 06 3 9 ] 6  
58  1 6 4 1 4 6  2 1  J 1 &  ] 1 1 2 1 ] 6 4 5 4 J 7 1 8 56 
59 1 6 8  1 7 6  ] 0 976  5 4 5 1 7 7 6  9 5 9 5 1 2 5 7 6  
6 0  1 6 7  2 0 6  4 2 4 ] 6  87 4 1 8 1 6 1 80 0 8 1 4 0 9 6  
6 1  1 8 3  2 ) 6  5 5 6 96 1 3 1 4 42 5 6  ] 1 0 20 4 4 4 1 6  
62  1 8 0 2 6 b  7 0 756 1 8 8 2 1 0 96 500 6 4 1 1 5 3 6  
6 3  1 89 29 6 8 7 6 1 6  2 5 9 3 4 ] ]6 7 6 7 6 5 6 ) 4 5 6  
64 1 8 9  3 2 6  1 0 6 276  3 4 6 4 59 7 6  1 1 2 9 4 5 8 8 1 7 6  
65 1 9 1  3 7 6  1 4  1 3 76  5 ]  1 573 7 6  1 99 8 7 1 7  ] 3 7 6  
66  1 9 5  4 2 6  1 8 1 47 6  77 J 0 87 7 b  3 29 ) ) 5 3 8 5 7 6  
67  2 0 .J 4 7 6  2 2 6 5 7b 1 0 7 8 5 0 1 76 5 1  ] ] 6 6 8 37 7 6  
6 8  2 0 4  5 2 6  2 7 6 6 76 1 4 55 ) 1 576  7 6 5 4 % 0 8 9 7 6  
6 9  2 0 3 · S 7 6  3 3 1 776  1 9 1 1 02'J76  1 1 0 0 7 5 ) 1 4 1 7 6  
70 2 0 2  6 2 6  ] 9 1 876 2 4 5 ) 1 4 ) 7 6  1 5 3 5 6 6 7') 9] 7 6  
7 1  2 0 5  6 7 6  4 5 6 976 3 0A 9 1 5776  2 08 8 2 7 0 6 4 5 7 6  
7 2  2 0 4  7 2 6  5 2 7 0 76 3 8 2 6 5 7 1 7 6 2 77 8 0 9 1 0 9 7 7 6  
73 2 0 8  7 7 6  60 2 1 7& 4 6 7 2 8 8576  ] 62 6 1 5 9 .1 4 9 7 6  
7 4  2 0 6  8 2 6  68 2 2 76 5 6 3 5 5 9H6 4 6 55 0 0 54 0 1 7 6 
75 2 0 9  9 2 6  8 5 7 4 7 &  7 9 4 0 2 2776  7 3 526 5 0 9 0 5 7 6  
7 6  2 1 0 1 0  2 6  1 0 5 2 6 76 1 0 80 0 4 5576  1 . 1 0 8 1 3 E t 1 2  
77 2 1 2  1 1 2 6 1 2 6 7 8 76 1 4 2 7 6 2 8 3 76 1 . fi 0 7 5 1 E + 1 2  
78 20 9 1 2 2 6  1 50 3 0 7& 1 8 4 2 7 7 1 1 7 6  2 .  2 5 9 2 4 E t  1 2  
7 9  :.1 1 2  1 ) 2 6  1 75 8 276 2 33 1 4 7 3 9 76 3 . 0 9 1 5 3 E + 1 2  
80  2 1 0  1 4 2 6 2 0 ) ) 4 7 6 2 0 9 9  7 3 6776  4 . 1 J S0 2 E+ 1 2  
8 1  1 3 7  3 2  1 0 2 4  3 27 6 8  1 0 4 85 7 6  
8 2  1 4 3  6 2  3 8 4 4  2 ) 8 3 2 8  1 4 7 7 6 3 3 6  
H J  1 4 5 9 2  8 4 64 7 7 8 6 8 8  7 1 6 39 2 9 6  
8 4  1 4 9 1 2 2  1 4 8 8 4  1 8 1 58 4 8  2 2 1 53 3 4 5 6  
8 5  1 6 0  1 5 2  2 3 1 0 4 ) 5 1 1 8 08  5 3 3 79 4 8 1 6  
86  1 6 9  1 8 2  3 3 1 2 1, 6 0 2 85 6 8  1 0 9 7 1 '1 9 3 7 6  
87 1 6 7 2 1 2  4 4 9 4 4  9 5 2 8 1 2 8  20 1 9 9 6 3 1 3 6 
88 1 6 6  2 4 2  5 8 564  1 4 1 7 24 8 0  J IJ 2 97 4 2 0 9 6  
8 9  1 8 0 2 7 2  7 3 984  20 1 2 36 4 8  5 4  7 36 1 2 2 5 6  
90 1 8 5 3 2 2 1 0 36 8 4  3 3 3 8 62 4 8  1 0 7 5 0 3 7 1 8 5 6  
9 1  1 9 2 3 7 2  1 ) 8 ) 8 4  5 1 4 7 884 8 1 9 1 5 0 1 ) 1 4 5 6 
9 2  1 9 3  4 2 2  1 7 8 0 8 4  75 1 5 1 4 4 8 ] 1 7 1 ] <) 1 1 0 5 6  

w 



" I CROH A R D N ES S  DATA  - 2 4  H OU RS  AT 1 5 50 f .  - 80 M I L  D E CAR B U TI I Z ED DEPTH · 

OBS  y X X 2  I J  X 4  

9 ]  1 84 4 7  2 2 2 2 7 8 4  1 05 1 5 4 0 4 8  4 96 3 27 1 06 5 6  
94  1 9 1  5 2 2  27 2 4 84 1 4 2 2 J 6n 4 8  7 4 2 4 7 5 30 2 5 6  
95  1 9 4 57 2 3 2 7 1 84 1 07 1 4 9 2 4 8  1 07 0 4 9 ) 6 9 0 5& 
9 b  1 9 0 6 2 2  3 8 6 8 8 4  2 4 0 6 4 1 8 4 8  1 4 96 7 9 2 2 9 4 56 
9 7  1 9 2  & 7 2 4 5 1 584  3 0 ) 4 6 4 4 4 8  2 0 3 9 2 8 1 0 9056  
9 8  20 1 7 2 2  52 1 2 84  3 76 ) 6 70 4 8  2 7 1 7  3 7 0 0 8656  
9 9  2 0 0  77 2 59 5 9 84 4 60 0 9 96 4 8  3 5 5 1 9 6 '> 2 0 2 5 6  

1 0 0  2 0 7  8 2 2  6 7 5 6 8 11 5 55  4 1 2 2 1m 4 56 5 4 8 8 6 7 8 5 6  
1 0  1 2 0 0  8 7 2  76 0 3 8 4  6 6 3 0 5 4 8 4 8  57 0 1 8 38 2 7 4 5 6  
1 0 2  20 5 9 2 2  8 5 0 0 8 4  7 8 3 7 7 74 4 8  7 2 2 6 4 2 8 0 7 0 5 6  
1 0 3  2 0 ] 9 7 2  9 4 4  7 84 9 1 8 J J 004 8 8 9 2 6 1 6 80 6 6 5 6  
1 0  4 2 1 2  1 07 2  1 1 4 9 1 84 1 2 3 1 9 2 52 4 8  1 . 3 2 0 6 2Et  1 2  
1 0  5 2 1 0  1 1 7 2 1 )7 3 5 84 1 6 09 8 4 04 4 8 1 . 8 8 6 7 3 E t 1 2  
1 0 6  2 1 1  1 2 7 2  1 6 1 7 9 84 2 0 5 8 0 7 56 4 8  2 .  6 1 7 8 7 E+ 1 2  
1 0  7 2 0 9  1 37 2  1 88 2 3 84 2 5 8 2 6  3 084  8 J. 5 4 3 3 7 E+ 1 2  
1 0  8 2 1 1 1 4 7 2  2 1 6 6 784  3 1 89 50 60 4 8  4 . 6 9 4 9 5 E t 1 2  

-
w 
N 



D E PEN D EN T  V A HI A B L E :  r 
S O U R C E  D P  

NODEL  3 

E R RO R  1 0 4  

CO RR ECTE D TOT A L  1 0 7 

S O U R C E  D F  

X 1 
X 2  1 
I l  1 

P A RAl' l t::TE R ESTi l'IAT E 

I N TERCEPT  1 J 3 . 1 1 7 1 0 71J 2 
X o .  2 0 9 4 9 2 7 6  
X 2  - o . 0 0 0 2 0 62 1 
X 3  o .  0 0 00 0 007  

" I C ROH A R D N E S S  D A T A  - 2 4  H OU RS AT 1 5 50 F. - 80 N [ L  D E C A B BU R I Z ED DEPTH  

SU r1 OF  S QU A R ES 

4 6 7 8 7 . 8 73 9 0 5 q o  

2 H  6 .  2 2 79 4 5 95 

4 9 5 )4 . 1 0 1 8 5 1 85 

T Y PE I SS 

J !l 1 8 5 . 5 4 2 5 4 02 1 
1 0 8 6 2 .  7 1 3 1 9 7 9 9  

1 7 J 9 .  6 1 8 1 6 7 70 

T FOR  H O :  
P A R A IU�T E R=O  

7 8 . 86 
1 9 .  1 4  

- 1 1 . 3 8 
8 .  1 2  

G E N E R A L  L I N E A R  NO DELS P ROCEDU R E 

r1 E A N  S QU AB E 

1 5 5 9 5 .  9 5 7 9 6  86 J 

2 6 . 4 06 0 ) 79 11  

F V A L U E  

1 2 9 4 . 6 1  
4 1 1 . ] 7 

6 5. 8 8  

P R  > F 

0 . 0 0 0 1 
0 . 0 0 0 1 
0 . 0 0 0 1 

F V A LU E 

5 9 0 . 6 2  

DP  

P B  > I T  l S T D  E R R O R  OF  
ES T I N A T E  

0 . 0 00 1 
o .  0 0 0  1 
0 . 000 1 
0 . 0 0 0 1 

1 .  6 8 8 0 3 0 0 5  
0 . 0 1 0 9 11 8 1 1  
o. 0 0 0  0 1 8 1 1  
0 . 0 00 0 0 0 0 1 

PR > f." 

0 . 0 00 1  

STD DEV 

5. 1 3 8 6 8 056 

T YP E  IV SS 

966 8 . 55 1 1 4 0 4 1 
J ll 2 2 . 4 7 J 9 1 0 2 1  
1 7 1 9 . 6 1 8 1 6 7 7 0  

B-SQU A R E 

0 .  1 H 4 5 5 9  

F V A LU E  

3 6 6 . 1 5  
1 29 .  6 1  

6 5 . 8 8  

c . v .  

2. 7 7 3 4  

Y M EA N  

1 8 5 . 2 8 7 0 ) 7 0 4  

PR  > F 

0 . 0 00 1  
0. 0 00 1  
0. 0 0 0 1  

w w 



APPEN D I X  8 



00 0 1  

00 0 2  
00 0 1  
00 O il 
oo oc:;  
oo or,  
0 0 0 7  
0 0 0 11 

- 0 0 0 ') 
w 0 0 1 0  
U1 

00 1 1  
00 1 2  

0 0  1 J 
00 1 11 

00 1 5  
00 _ Hi 

00 1 ·, 
00 l ll 

OO H 
00 2 0  

00 2 1  
oon 

11 0  2 J 
00 2 11 

· · · · · · · · · · · · * • � · ·· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·  
• T II I� P RO '.; R l\ 1'1  P LO T;, P O IJ R  :r n l\ PII S U S f N '.; D A T A  CO L L EC r P. D  O '.J R I N G 1' 11 P.  • 
• ST U D Y  O F  T H f.  E F F P.'.:" T;i OF [) f!C A R O !I R [ l. A r L :n, OH f ll E  F A r r :; '.J E L I F E • 
• OF :i l\ E 1 0 4 2  :. T E E L .  G R A P HS 1 & 2 :: J N H I N � - N  D A fl\ /\ H D  '.; 8 A l' II S  
• J & ,, CO N TI\ T N  M I C H OII I\ R D N P. S S  O A 'r A .  :; n A Pll 5 2 & ,, 11 1\ V E ' D Ei,R E E  • 
• O F  U EST  F I T ' CU R V ES D R AW N  A N 6  T II E EJ U I\ T I J N O F  f � €  : U R V E • 
• D E T E R � I N E D  R Y  A L � AS T S OU A R �S R E3 R E S S I J N A N A L Y S I S  L I S r E o .  + . . . . . . . . . . . . . . .. . . . . . . . .. . . . . . . . . . . .. . . . .. . . . . . . .. . . . . . . . . . . . . . . . . . . . 
DI M E N S IO N  

$ 
X 5 ( 4 7) , · Y 5 ( '' 7 ) , 
X 1 0 ( 11 7 )  , Y 1 0 ( II 7 ) , 

$ 
$ 
4: 
$ 
$ 
$ 

X l 'l ( 4 J ) , Y 1 5 ( ll J) , 
X 2 0 ( 4 J ) , T 7. 0 ( 4 1 ) , 
X JO ( l l O ) , 'C J O ( l l O ) , 
0 5 ( 1 0 7. ) , Y .3 5 ( 1 02 ) , 
X 4 0 ( 1 1 2 ) ,  Y 4 0 ( 1 1 2 ) ,  
X ll 5 ( 1 1 0) ,  T4 5 ( 1 1 0 ) ; T A R E l\ ( 5 5 l )  

R E A L  Lf.5 X (4 7 ) , LG 1 0 X ( IJ 7 ) , L G 1 5 X ( ll l J , L :; 2 0 X ( 4 J J 
I N TEGER  I N T ( 2) /5 , 0/ 
I NTEG E R  I N� P. ( 2 ) / ) , 0/ 
I N T E G E P.  tN T E G ( 2) /1 , 0/ 
CA LL P LOTS ( T A R E  A ,  6 6 4 ,  1 2 0 .  0 )  
C A L L  7. I POF'F  
CA L L  P LOT ( J . 0 , 2 . 5 , - J) 

S - N  D AT I\  - AS n EC E I V ED - S A E  1 0 !1 2  : . i .  
R E A D  ( 5 , 5 1l 0) X 
RF.  A n_ ( r; , 5 q O ) ( Y 5 ( I ) , X 5 ( I ) , 1 = 1 , 4 '> ) 

S - N  D AT A  - N O  l)ECA R BII R l 7. AT TO N  
R E A D  ( 5 , 5 A O )  X 
R E A D  ( 5 , 5 9 0 )  ( V l O ( I ) , X l O ( J ) , I = l , � 'i )  

5- N O A Ti\ - l 9  M I L O F:C A R IJ IH I J ZED  D E P r l 
R E I\ !)  (5 , 5 � 0 )  X 
R P. A D  ( 5 , 5 9 0 )  ( Y 1 5 ( T ) , X 1 5 (1 ) , I -= 1 , 't l t  

S- N D A T A  - ao M I L  D P. C i\ R D U R I Z E D  D E P T ]  
R E I\ D  (5 , 5 8 0 )  X 
R � A. D ( 5 , 5 9 0 )  ( V 2 0 ( J ) , X 2 0 ( [ ) ,  1 "" 1 , 'f l t 

M T C R O II A R D N P. S S  D A T A  - A S  R E C E I V F! O - S A E  1 0 ft 2  C .  F .  
R f.  I\ I) ( 5 , 5.0 0 ) X 
R E  I\ D ( 5 ,  56 0 )  ( Y l O ( I )  _ ,  X 1  0 ( I )  , I =  1 , 1 J 3  I 

l1 I C R O II A R DN E S S  O A Ti\ - 1 I I O ll ll  I\ T  1 5 5 0  F .  - NO D E C I\ R IJ J R H A r IO N  
R ?. A. D  ( 5 , 5fl 0 )  X 
R P. A O  ( 5 , 56 0)  ( T J S ( I ) , _ X l S ( [ ) , t -= 1 , l J '.> t  

M JCllO II A ll D N r. s s  D I\ TI\ - A .  I I R ;, .  A T  1 5 50  P .  - ) El  M I L  D P. C I\ R 8 rJ R I 7. F: D D E P r ll 
R 'P. A n  ( 5 , 5 A 0) X 
R E A D  ( 5 , 5 6 0 )  ( Y 4 0 ( T) , X /1 0 .( 1 ) , I = l , 1 1 0 1 

l'I I C ROll l\ i1 D N P. '., ;,  DA T I\  - 2 4  !I R S .  A T  1 5 5 0  F .  - B O  M I L  iJ C: : A n 11 u n r Z E D  LJ � f' r l  
n �I\ D ( 5 , 5 A 0) X 
R E  A n ( 5 , 5 6 0 ) ( Y ft 5 ( T )  , lC IJ r; ( r) , I -= 1 , E )  9 ) 



00 2 '> 
00 2 (,  
oo :n 
00 2 1) 
0 0 2 'l  
00 l O  
00 1 1  
00 3 2  
0() l l  
00 ] II 
on 1 '> 
00 .1 6 
OO J 7  

0 0  ) 8  

oo n 
00 4 0  

00 4 1  
00 1• 2  
0 0  Il l 

00 4 4  
OO IJ 'j  
00 4 6 
0 0 11 7  
00 4 11 
0 0 4 q  
0 0  5 0  
OO 'j l  
00 5 ]  
o o , l 
00 'j 4  
00 ','l 
0 0 56 
O O "i7  
00 5 8  
00 5 -l  

00 6 0  
0 0 6 1  

0 0 6 2  
00 6 1  
0 0 6 '• 
00 6 '1  

· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·· · · · · · · · · � · · · · · · · · · · 
• r. n rtrn , ,  • SA P. 1 0  .. 2 5 - N  ::: II R V F. 'i  • · · · � · · · · · · · � · · · · · · · · · · · · · ·· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·  
D A T /\  X 5 ( 46 ) / 'i0 0 . 0 / ,  X 5 ( 4 7 ) / 0 . 9 2 /, '(5 ( " 5 ) / 1 5 0 0 0 . J /,  '( 5 ( 4 7 ) / 2 0 0 00 . 0 / 
X 1 0  (11 6 ) = X 'i ( ll f, )  
X 1 0 ( Ii 7)  = X 5 ( 4 7 )  
X 1 5  ( 4 2 )  = X 'i ( ll fi )  
X 1 5 ( 4 1 )  = X 5 ( 4 7) 
X 20 ( 4 2 ) = 1 5 ( 4 6) 
X 2 0 ( 4 J )  = X 5 ( 4 7) 
Y l  O ( 4 6 )  "" Y 5  ( 4 6 ) 
V 1 0 ( 4 7) = Y 5 ( 4 7) 
Y 1 5  ( 4 2 ) -= T 'i  ( 4 6 ) 
Y 1 5 ( 4 3) = Y 5 ( 4 7) 
T 20 ( 4 2 ) = Y 'i  ( 4 6 )  
Y 2 0 ( 4 J )  = Y 5 ( 4 7) 

CI\ L l. L G I\ X S  ( O . o . o . o , 11 1 11 HU M B E R  Of R E V E R S E D  s r R ES 5  C J C L E5 ,  N 
$ ta 1 , 6 • 4 8 , 0 • 0 • X 5 ( Ii 6) • X 5 ( 4 7 ) ) 

CA l. L  S Y M RO L  (5 . 6 6 , - 0 . 5 1 , 0 . 0 8 , l ll P' , 0 . :> , 1 )  

C A l. L  A X I :.  ( 0 . 0 , 0 . 0 , ] 0 11 R E V E R S E D  B E N D [ N :;  s r R F.5 5 ,  P H ,  3 0 , 4 . 8 , <J O . o , , 
$ 'i  ( 4 fi ) , Y 5  (4 7 ) ) 

C A L L  P LOT ( 0 . 0 , 4 . 0 0 , J )  
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Figure 51 . Schematic Representation of the Fraction of Fracture 
Surfaces Covered by Striations and Quasi-Striation Patterns . 
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