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ABSTRACT 

 

 

Carlson, Gregory H. (Master of Science in Mechanical Engineering) 

 

The Effect of Circumferential Abrasion on Rotating-Bending High-Cycle Fatigue 

 

Directed by Professor James Sorem 

(92 pp., Chapter 6) 

 

(212 words) 

 

 Conventional coiled tubing (CT) endures severe above-ground bending and 

straightening cycles that cause low-cycle fatigue to be the predominant factor limiting its 

useful life. Downhole bending associated with wellpath curvature is negligible since the 

strains generated are orders of magnitude less severe than strains caused by above-ground 

cyclic bending.  

 A new drilling rig under development rotates coiled tubing (CT) downhole, at rates 

of about 20 RPM, imposes additional rotating-bending events in the high-cycle regime as 

sections of tube pass through regions of high dogleg severity. This thesis studies the 

influence of downhole bending on the fatigue durability of CT, with results indicating the 

damage is below the endurance limit and thus negligible relative to fatigue damage 

accumulated from above-ground, bend-straighten cycles for conventional CT.  

 This thesis addresses another area of potential concern: circumferential abrasion 

that can occur when rotating coiled tubing contacts with the casing or wellbore. Empirical 
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surface roughness factors were assessed and used to modify life estimates, with results 

indicating that downhole fatigue damage still remained below the endurance limit. 

 Experimental results are presented which validate the conservatism of the 

assumptions made for empirical surface roughness factors. The results also demonstrate 

that the abrasion process causes compressive residual surface stresses that somewhat 

offset the detrimental effect of a rougher surface. 
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CHAPTER 1 

BACKGROUND

Coil Tubing and Drilling 

 Coil tubing is a continuous string of resistance-welded, high-strength, thin-walled steel 

tubing stored on a spool, and unwound and straightened by a series of rollers in use.   The system 

of spool, coil, and mandrel is used for drilling and downhole service of oil and gas wells, where it 

will be repeatedly cycled on and off the spool.  Additionally, the tubing may be pressurized 

internally by fluids. 

The tubing undergoes large plastic deformation of two to three percent during 

straightening or re-coiling, and, as such, is subject to low-cycle fatigue damage and failure 

(Tipton, 1996).  Due to the potentially high cost of well damage by dropping a broken tube 

downhole, existing fatigue life prediction programs record and predict the local cumulative 

damage at discrete points along the string to prevent a break during use.   

 

Rotating-Bending in Doglegs 

A new system of coil tubing well drilling has been recently proposed using a rotating 

tube to improve mud and tailings flow between bore and tube, and to extend the reach of the coil 

tube by reducing static friction with the well bore.  The coil spool assembly is carried on a 

horizontal turntable with mandrel, or injector, at center, spinning the tube at approximately 20 

rpm. During directionally-drilled sections in a wellbore, the rotating tube will be forced through a 

down-hole arc and subjected to a fully reversing cyclic bending and therefore additional potential 

fatigue damage.  Additionally, the tubing surface may be circumferentially abraded by rocks and 

debris in the well bore, possibly further reducing fatigue life by stress concentrations due to 
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surface condition. This thesis studies rotating-bending and surface roughness effects on coil 

tubing. 

When a straight tube is constrained in a semi-circular arc by a change in direction of a 

well bore, the bending strain on the convex and concave sides of the tube are given by  

R

D 2/
      (1.1) 

where, D = tubing outer diameter and R = radius of curvature along the centerline. This is 

depicted in Fig. 1a for tubing rotating with an angular velocity, . 

 

As the tubing rotates, the strain on any given point around the circumference fluctuates  

sinusoidally from  to , as depicted in Fig. 1a. In drilling  

 

operations, a bend in the wellbore is described in “dogleg  

 

severity” (DLS) and typically measured in degrees of bend per 100 

 

 feet of pipe. In  Fig. 1b, DLS is defined as the angular 

 

 change in the wellpath tangent, , per length along the 

 

 wellpath of length, d, as given in Eqn. 1.2. 

 

d
DLS                    (1.2) 

 

R 

D/2 

t

Figure 1.1a,b  Bending strains imposed on curved section of tubing by dogleg. 

100FT

R

Fig. 1b Dogleg



 - 3 - 

or, since DLS values are typically expressed in degrees per 100 

feet, a simple proportion for a half-circle is, 

 
ft100R

180
               (1.3) 

 

So, the angle expressed in a DLS in degrees will yield a uniform radius of curvature, R, as, 

 feet
180ft100

R                        (1.4) 

 

The most severe DLS - the tightest radius – to be expected with the proposed drilling rig might be 

up to about 25º per 100ft, so R would be 

   .in2748feet229
25

180ft100
R     (1.5) 

 

Using Eq. 1.1, this curvature would induce a maximum bending strain of 0.00059, or 0.059% at 

the outer surface of 3.25” O.D. tubing – among the largest diameters. 

 

Baseline Dogleg Endurance 

 Coil tubing material is fatigue-resistant, fine-grained steel, with typical yield strength of 

at least 90 ksi and ultimate strengths of at least 97 ksi.  With stress defined as 

E       (1.6) 

 

and a Young’s modulus of E = 30 mpsi for steel, the fully-reversing axial stress is about 17.7 ksi 

at the worst case - a large tube in a most severe bend. Coil tubing (being generally proprietary 

steels), has little material-specific published fatigue data. However, most sources agree that a 

rough endurance limit for steels, where a very long life can be expected ( > 106 or 107), is about 

50% of ultimate strength (Fuchs and Stevens, 1980).    Therefore, the alternating stress - before 

taking into account stress risers due to surface roughness – in the worst dogleg is likely to be well 

less than ½ the high-cycle endurance limit for 3.25” O.D. tubing.  According to Eqn. 1.1, smaller 

tubes experience less strain and stress.  And, since any given section of tube can be expected to 
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push through a bend as drilling continues, it is also unlikely to be subjected to a high cycle count 

at just 20 rpm. 

 

Limitations 

 Torsional loading on the tube is assumed to be negligible since drilling is performed by a 

downhole motor assembly, and torque, assumed to be constant, has no affect on fatigue according 

to Sines (Sines, 1955). 

However, a static tensile stress, as could be expected by a heavy length of tube hanging 

vertically in a deep well, could reduce fatigue strength in the dogleg.  An unlikely pair of doglegs 

near the surface and above a long vertical section could see additional tension.  But, if only a 

horizontal bore follows the dogleg, no additional tension from tube weight would occur.    

 More likely, the drilling rig above ground may apply a compressive force on the coil tube 

while driving the tube and drill motor along.  The effect of a mean compressive stress, where it 

falls short of column buckling, would provide a beneficial effect on dogleg bending. 

 In general, tubing forces downhole are complex and beyond the scope of this thesis. 
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CHAPTER 2 

LITERATURE REVIEW 

Surface Roughness and Fatigue 

R.C. Johnson Curves 

The earliest attempt to deal with the full range of quantified surface roughness on 

fatigue came from R.C. Johnson, although no refereed publications, theses or 

dissertations were discovered to document the Machine Design article (Johnson, 1973). 

Discussed in more detail in Chapter 3 (see Fig. 3.5), this approach involved considering 

surface roughness as stress concentrations, then utilizing techniques to compute a reduced 

fatigue notch factor, Kf from the theoretical elastic stress concentration factor, Kt. 

Described further in Chapter 4, Arola and Williams (2002) implemented a similar 

approach as recently as 2002 and obtained good correlation with a small set of test 

results. They utilized Peterson’s empirical expression for notch sensitivity factor (Eqn. 

4.1) with a new expression for stress concentration factor,  

z

ya
t

R

RR
n1K  (2.1) 

where n = the stress mode factor (1 for shear and 2 for normal), Ra, Ry and Rz are the 

average, 10-point and maximum measures of surface roughness. Their comparisons with 

data were favorable, but they did not explicitly consider residual stresses. Residual 

stresses were assumed to be compressive and of the same magnitude in all samples, 

regardless of cutting conditions. This approach also suffers from the requirement of 
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measuring, estimating or guessing at the notch root radius, a parameter that could lie 

below the range of the microstructural engineering material features.  

 

Fracture Mechanics and Area Models 

In 2004, Livieri and Tovo summarized three different stress-based approaches for 

fatigue limit assessment techniques that are applicable to surface roughness: (1) the local 

stress approach, where the roughness is considered as a notch, (2) linear elastic fracture 

mechanics (LEFM) approaches, where roughness considered as small surface cracks, and 

(3) a “specific” approach, where surface roughness is considered utilizing the area  

technique, where “area” is considered to be the area projected by an equivalent defect 

onto a cross sectional plane. Approach (1) has previously been discussed, but Livieri 

asserts that this approach is not applicable to “small notches” implying that the other two 

approaches are recommended to deal with surface roughness analytically. 

The application of fracture mechanics to surface roughness is often referred to as 

a more “modern” view of fatigue analysis. For instance, flaws are considered to pre-exist 

or to form due to standard dislocation-related persistent slip band formation in most, if 

not all, real engineering metals. If the stress intensity factor associated with the loading 

and small crack geometry remains below a threshold value, the flaws do not propagate to 

a macroscopic size. The problem with applying this approach is that the crack sizes are 

below those associated with LEFM and “short crack” approaches must be implemented 

(Atzori, et. al. 2003). Unfortunately, analyses based on this type of approach are very 

sensitive to estimates of crack size and geometry, as well as threshold stress intensity 
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factors. None of these are well defined in the size regime associated with surface 

roughness. 

In 2003, McEvily, Endo, and Murakami proposed empirical approaches that 

consider small defects as cracks using the area  technique. For fully reversed loading (R 

= -1) an expression for the endurance limit, f , of a steel is provided as a function of only 

the Vickers hardness number, Hv, as given by: 

6/1

v
f

area

120H
43.1  (2.2) 

Takahashi and Murakami had applied this approach in 1997 to surface roughness 

as a “defect” by assuming that small periodic “notches” can be considered as a series of 

small surface cracks of equivalent depth. Figure X below depicts this representation for a 

spacing of “b” with a depth of “a”. To compute area  for a surface roughness, they 

propose the following equation:  

 

Figure 2.1 Area equivalence model. 

 

195.0
b

a
for38.0

b

area

195.0
b

a
for

a

b
74.9

a

b
51.3

a

b
97.2

b

area
32

 (2.3) 

a 

a 

b 
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For the rotating bending tests conducted in this thesis, the experimental endurance limits 

are presented in the table below, along with the estimated endurance limits from the 

area  approach with a b/a ratio ( ) of 1.0.  

 

Table 2.1 Estimate endurance limits 

Estimated Endurance Limits (ksi) 

(from experimental data) 

surface RS NRS area

polished  53.89  

fine 55.72 51.00 88.92 

med 51.93 45.27 76.76 

coarse 47.20 43.65 72.91 

 

 

The approach over estimates the endurance limits by around 41% for the NRS (no 

residual stress) data, and by about 35% relative to the data with residual compressive 

stresses. This approach was used with more success to estimate surface roughness 

influence on high strength steel (Itoga, et. al., 2003) but the assessment of b/a for surface 

roughness is seen in that paper to be a very subjective exercise. At best, this approach can 

only be considered no less empirical than those based on the fatigue notch factor. 

 

Microstructure 

McGreevy and Socie in 1999 dealt with the problem directly by addressing the 

competing roles of microstructure and flaw size. They proposed a “mechanistic model” 

that categorizes flaw sizes into three distinct regimes: 

1. Intrinsic Flaws: flaws of a size consistent with microstructural features such as 

grain size, pearlite colony size, prior austenite grain size, or eutectic cell size. 
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2. Inherent Flaws: flaws of a size consistent with inhomogeneities in the steel 

resulting from the steel-making process such as inclusions, porosity, 2
nd

 phase 

particles. 

3. Process Flaws: flaws associated with manufacturing processes, such as quench 

cracks, grinding cracks and surface finish. 

 

The model combines the Hall-Petch (Dieter, 1986) relation between yield stress and grain 

size with some empirical relations between the sizes of microstructural features and the 

strength of the material. These relations are used with the area  approach to estimate a 

reduced endurance limit. 

 

Conclusion 

A major difficulty with all these modern approaches is the need to quantify 

microscopic features that are not easily discerned. In fact, Takahashi and Murakami in 

1997 explain that four factors must be taken into account to evaluate the effect of surface 

condition on fatigue strength: 

1. Surface roughness as stress raisers, 

2. Residual stresses induced in the surface layer by whatever process induced the 

roughness, 

3. Work hardening or softening in the surface layer due to plastic deformation, and, 

4. Microstructural transformations due to plastic deformation.  
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The authors state that these four factors act together to influence fatigue in a complex 

manner and must be considered separately to fully understand the phenomenon. In 

reality, there may be additional valid considerations that the authors do not list: 

5. Surface decarburization – a common phenomenon for heat treated steel, 

6. Cyclic softening or hardening, 

7. Residual stress relaxation, and  

8. Inclusions at or near the surface 

In 2004, Novovic et. al. present a survey of published data which address the 

influence of machined surfaces on fatigue life and come to the conclusion that no reliable 

model currently exists that can consider all the influential factors. They state that the 

presence of inclusions can override the effect of surface topography in many practical 

situations. 

The work in this thesis addresses three of the factors listed above: 1, 2 and 8. The 

stress relieving was an attempt to separate the surface roughness from the residual 

stresses, and to reproduce the results of R. R. Ferguson in 1951 and 1954, and discussed 

in more detail in the following chapter. The inclusion content in the material was 

assessed quantitatively and used to explain some of the experimental scatter.  
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CHAPTER 3 

EMPIRICAL FACTORS FOR ROUGHNESS 

High Cycle Fatigue Endurance 

 

As generally accepted, metal fatigue failure results - and only results - from repeated 

plastic deformation or yielding of metals under stress.  Localized cyclic yielding can occur on a 

microscopic scale at nominal stress amplitudes well below the yield strength of the material, due 

to favorably aligned individual grains and microscopic stress risers.  This mechanism causes 

fatigues cracks in the high cycle, predominantly elastic regime, associated with the endurance 

limit. 

 

Stress Risers 

Small notches or defects such as scratches, inclusions, voids, or corrosion may serve to 

raise local stresses in elastically loaded structures beyond yield in small plastic zones, where 

fatigue crack initiation may begin. Cracks normally begin at a surface, flaw, or corner as 

microscopic slip bands in the crystal structure – slipping in shear - grow and coalesce into cracks.  

The cracks then propagate, slowly in the case of high-cycle fatigue, in the plane of maximum 

tension, sometimes forming beach marks, until sudden fracture occurs to complete the failure. 

 

S-N Curves 

Failure of materials under constant-amplitude cyclic loading, especially where high 

cycles are expected, are usually described by experimental and material-specific log-log stress-
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life plots, where the number of cycles to failure, N, is plotted against a fatigue strength, Sa.  While 

there is typically considerable scatter in experimental fatigue data, a power relationship may be fit 

through the data for predicting failure in the form,  

b

f NSS     (3.1) 

 

where Sf’ and b are material-specific.  Most ferrous metals exhibit a “knee” in the curve - or a 

practical limit in testing - implying an endurance limit, generally called Sn, below which an 

“infinite” or very high life (>106 or 107) can be expected. 

 

Figure 3.1 Stress-life log-log curve 

Surface Roughness 

 If the data are generated using polished samples free of residual stresses, then the S-N 

curve is considered to provide “material properties” in the form of “fatigues strength associated 

with finite lives.  The polished, fully reversed endurance limit Sn’ equals Sn from Fig. 3.1 

Surface topography is commonly thought to be of significant importance to fatigue life – 

a rough surface possibly providing crack initiation sites. A significant proportion of component 

failures begin as microscopic cracks on or near the surface due to either isolated manufacturing 

discontinuities, or gradual deterioration of the surface quality. The most important parameter 

describing surface integrity is surface roughness (Fuchs, et al., 1980).  
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Measurement Techniques 

 The techniques for measuring surface roughness are categorized as follows. 

 
Comparison techniques 

 Specimens with known surface roughness produced using the same process, 

materials, and conditions as the unknown surface are compared. Because of the visual 

and tactile senses and subjective judgment involved, this method is useful for surface 

roughness Rq>1.6 micron.  

Non-contact measurement 

 Methods include optical/electronic speckle pattern correlation, machine vision 

and analysis, electrical inductance of magnetic specimens, reflected ultrasound and 

computer analysis. 

Direct measurement 

 Profilometers assess surface finish by means of stylus drawn along the surface to 

be measured, recording the stylus motion perpendicular to the surface.  The profile is then 

used to calculate the roughness parameters. The sharp diamond stylus may make micro-

scratches on surfaces. 

Thesis specimens were tested for surface roughness using a Taylor-Hobson 

Surtronic 3P profilometer with extended stylus. 

 

Roughness Parameters (Dieter, 1986) 

Ra The height of the roughness irregularities on a surface is defined as the average 

value of the departures from its centerline, throughout a given sampling length. 

Ra is the most common measure of surface condition. 

Rp, Ry, Rt Maximum peak, valley and total height of profile in the tested length. 

Rz 10-point average of 5 highest peaks and 5 lowest peaks within a sampling. 
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Figure 3.2 Surface roughness parameters 

  

Roughness and Fatigue 

Material endurance limits are often determined experimentally with tests of highly 

polished samples fatigued on (R.R. Moore) rotating-bending machines, that apply a bending load 

while spinning the sample, providing a fully reversing stress, Sa.  An endurance limit for a 

particular material determined in this manner, as opposed to tension-compression or torsion, for 

instance, may be distinguished by a special notation S’
n .  To apply the endurance limit to a 

practical application of infinite-life design, additional correction factors may be used – mostly 

empirical but some analytical plus empirical. 

 

Empirical 

In practice, a number of factors have been found experimentally to affect the baseline 

endurance limit, including sample size, type of loading, surface finish, surface treatment, 

temperature, and environment (Bannantine, et al., 1990).  Most factors are fractional and 

deleterious, and serve to lower the practical endurance limit: 

 

...CCCSSn sizefinishloadn for cycles >103 (Juvinall, et al., 1991)         (3.2) 

- 4 0

0

4 0

Ra

Rz

Rt
Ra

Rv

Rp
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Where, 

 

097.sizes
d869.

1
CC   

where d < .3  (3.2.1) 

 

where .3 < d < 10 in. 

 

Cl=Cload = 1 for bending, .70 for axial tension, .577 for torsion  

 

 

Cfinish factors are more difficult to obtain accurately. Although widely reprinted, available graphs 

tend to use subjective descriptions of surface finish, making corrections very inexact to apply.  

And, since the source of the data is difficult to determine – often commercial sources – the quality 

of the data is unknown.  Consider a “machined” surface on a 97 ksi Sultimate steel tube of 1.25” 

O.D. in bending on two popular graphs, as Figs. 3.3 and 3.3. 

 

Figure 3.3 Surface finish factor    Figure 3.3 Surface conditions vs. endurance 

(Juvinall 1991, Bannantine 1990, Dieter 1986) (Timken Bearing Company) 

By taking a common estimate of endurance limit as 50% of ultimate strength, Fig. 3.3 produces 

an endurance limit estimate of 32 ksi (50% x 100 ksi x .85 x .75).  Fig. 3.4 provides a direct 

estimate of endurance limit vs. surface condition of 33 ksi. Although commonly reprinted, neither 

graph is sourced or suggest where more exacting measurements of surface roughness would fit. 

 It is likely, that both figures are derived from Noll and Lipson’s experimental studies in 

1946, with relatively few data points in the high-strength side of the curve, reprinted as Fig. 3.5. 
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Figure 3.5 Noll and Lipson curves, 1946 

 A very useful set of curves was more recently published by R.C. Johnson in 1973, 

reprinted in the following figure, quantifying roughness directly in terms of Ra versus surface 

factor in Machine Design, a trade magazine: 

 

 
 

Figure 3.6 R.C. Johnson curves - Surface finish vs. endurance surface factor 
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In order to correlate the sets of graphs, ballpark estimates of surface roughness for 

various machining operations are required, as shown in the following figure: 

 

Figure 3.7 Estimate of surface roughness for various machining operations (ASME B46.1-1995) 

 

 

The most common method for machining round components is turning, so an average roughness, 

Ra, of up to 125 uinch might be expected.  Since the graphs provide just a few curves, it might be 

safe to assume they would represent worse-case roughness.  So, referring to the Johnson curve, 

the same 50% endurance estimate for a 97 ksi Su steel yields now yields an endurance limit of 37 

ksi adjusted for surface conditions and size (50% x 97 ksi x .85 x .9) and 43.7 ksi without size. 

 The Johnson curves appear to be less conservative that the other empirical resources, 

though all estimates of endurance limit well exceed the dogleg conditions.  The Johnson curves 

appear either to be fit through an extremely large body of test data, or, as claimed in the Machine 

Design article, through some sort of analytical formula for surface roughness.  Unfortunately, the 

basis for the curves appears to be unpublished. 
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Typical Roughness  

 For comparison, a section of conventional rotary drill pipe was obtained that had been 

rejected by an experienced drill operator as showing excessive surface damage – but still only 

having an Ra of about 60-80 uInch.  From tests performed in Chapter 5, an Ra of 83 uInch is very 

rough subjectively – easy to see and easy to feel – the type of visual surface damage that would 

cause a prudent operator to remove a component from service. 

 

Figure 3.8 Roughened large O.D. fatigue sample, Ra of 60-80 µinch 

 

 

Residual Stress From Roughening 

 In normal practice, manufacturing engineers seek the smoothest finish practical on 

components under alternating stress – a mirror finish of just 1 or 2 µinch being commonly seen as 

the most desirable. However, the residual stresses remaining after machining, or after some type 

of abrasion damage as being studied here, also play an important role in fatigue. 

 In fact, in a 1951 NACA paper (RM E51D17), R. R. Ferguson reported an increase in 

fatigue life over polished specimens after roughening polished samples of low-carbon steel (N-

155) from Ra’s of 4-5 µinch up to 70-80 µinch using 46-grit emery cloth, shown in Fig. 3.9. 
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Figure 3.9 Ferguson residual stress curves from roughening 

 

Ferguson found that when cycled at high temperature (1350 ºF.), all three roughness groups, 

including a “ground” group of 20-25 µinch, showed no difference in fatigue life due to roughness. 

Stress relieving a few rough samples appeared to remove the residual stress, since they then failed 

earlier than the polished samples. 

 A follow-on study in 1954, NACA TN 3142, Ferguson duplicated the results using a 

different steel, and noted that residual stresses from abrasion were compressive at right angles to 

the scratches, tensile in the direction of the scratches, and confirmed they increase fatigue life 

appreciably (when properly oriented).  Ferguson also conducted high-temperature testing, where 
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the beneficial effect was lost by annealing or dynamic yielding, and in which case the surface 

roughness alone (tested up to 70 to 80 µinch on fine-grained steels) reduced the fatigue strength 

by up to about 10%.  Ferguson also noted that fine-grain N-155 steel was more sensitive to stress 

concentration affects than coarse-grained N-155. 

 Ferguson appears to be the first to report on residual stress effects in surface roughness, 

though his papers seem little noticed. 
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CHAPTER 4 

 

STRESS CONCENTRATION FACTORS FOR ROUGHNESS 

 

Stress Concentrations, Kt

 The effects of large scale geometric discontinuities (holes, filets radii, etc.) on the strength 

of mechanical components are usually studied in terms of stress concentration factors, Kt. In 

2000, Arola and Williams extended and applied ordinary stress concentration factors for single 

notches to repeating small notches resulting from machining surfaces. 

 

Figure 4.1 Single and repeating notches 

 The Peterson (1974) stress concentration factor for a single notch, depicted in Fig. 4.1, is 

given by 

      
t

21K t     (4.1) 

where, t is the notch height and  the notch root radius.  However, Neuber (1958) argued that 

successive adjacent notches produce a lower stress concentration than a single notch, and 
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proposed the following semi-empirical relationship in terms of the 10-point roughness average, 

Rz, 

      z
t

R
n1K    (4.2) 

where, the factor n = 1 for shear and n = 2 for tension, and  is the ratio of notch period over 

notch height ( = b/t).  Unfortunately, standard measurements of microscopic surface roughness 

such as Ra and Rz yield neither a roughness wave period nor a notch root radius.  The simplest 

assumption for a roughness waveform, depicted in Fig. 4.2, would be a sawtooth wave, but with 

Eqn. 4.2, as   0, then Kt  . For abrasion-induced roughness, more rounded notch roots are 

expected.  A reasonable waveform over the bulk of the rotating-bending lifetime might be 

approximated by a sine wave as in Fig. 4.2.  And, in machined surfaces, it has been suggested12 

that a good estimate for  would be 1, which might also be assumed applicable to surface 

roughness from random abrasion. 

 

 

Figure 4.2 Roughness textures. 

 

It should be noted that extrapolating macroscopic stress concentration factors into microscopic 

regimes may not be reliable, as the key geometry – Ra and  – are on the order of, or smaller than, 

the grain size in even the finest-grain steels. 
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 However, the assumption of a sine waveform does allow a solution for  and thus Kt that 

can be compared to other solutions.  In a constant amplitude surface waveform, all surface 

parameters are interchangeable, so Ra = Rz = Ry= t.  A sine wave can be described as 

     
b

X
2Sin

2

R
Y a     (4.3) 

and so the notch root radius 

      

a

2

2

2

2

R4

b

dx

yd
     (4.4) 

by the definition of = b/t or =b/Ra, then 

2

a

2

wavesin
2

R
     (4.5) 

Allowing n=2 for tension and substituting Eqn. 4.5 into Eqn. 4.2 yields a Neuber relation for Kt as 

     

2

wavesint

2
21K     (4.6) 

 

 

Finite Element Analysis for Kt

 A series of finite element analysis models were prepared by modeling a 1.25” O.D. by 

1.045” I.D. tube sliced along symmetries, as shown in Fig. 4.3.   
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Figure 4.3 FEA Models 

The models were run using Ansys 9, using elastic “plane82” plane-strain elements.  The left side 

of the model was constrained and a constant strain applied to the right edge simulating an 

average, nominal stress of 10 ksi throughout the simulated flat plate.  The nodes were closely 

spaced and elements extremely small, with models at the extremes failing to run. 

 

Figure 4.4 Typical FEA model using plane strain elements 
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Figure 4.5 Extremely small and fine FEA meshing for convergence testing produced poor results 

 Four FEA models were run at a constant aspect ratio  of 1, with Ra varying from 12 to 90 

µinch, all in close agreement with a Kt  of 6.4 - independent of Ra, as predicted by Neuber.  In 

contrast, the Neuber Eqn. 4.6 predicts a much more conservative Kt  of 9.8. 

 Additional FEA models were run at varying values of  and plotted against the Neuber 

model in Fig. 4.6. 
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Figure 4.6 FEA Kt plotted against Neuber Kt 

 

Additionally, a series of sawtooth shaped FEA models were run by varying the notch root radius 

and  and shown in Fig. 4.7.  No analytical models were used to compare results, although 

Peterson and Neuber produced Kt models for various thread types that might be useful.  Of 

course, the difficulties in assessing practical notch root radii persist. 
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Figure 4.7 Sawtooth FEA models with variable  and   

Fatigue Notch Factor, Kf

In fatigue loading, a material-dependant notch sensitivity factor, q, is introduced to 

calculate a fatigue notch factor, Kf, from the static stress concentration factor Kt , 

    1Kq1K tf      (4.7) 

In ideal, fully elastic materials, Kf  Kt , but in most practical cases, the damage done by notches 

is less than predicted by Kt  due to cyclic yielding or internal irregularities in the structure of the 

material (Juvinall, et al., 1991).   The fatigue notch factor can be used to directly lower the 

endurance limit, and shift the slope of the S-N curve, as shown in the following figure:  



 - 28 - 

 

Figure 4.8 Effect of Kf on the S-N curve and endurance limit 

 

Notch Sensitivity, q 

Two popular solutions for the notch sensitivity factor, q, are given by Peterson (1974) 

and Neuber (1958) as 

1

1
q  (Peterson) (4.8) 

1

1
q (Neuber) (4.9) 

where  is the notch root radius and the constants  and  are “characteristic lengths” which are 

considered material constants.  A typical subsurface stress profile is shown in Fig. 4.9. 

 

 

nomS

Kt  1.0 

Applied Load 

Figure 4.9 Stress distribution below the surface of a notch root. 
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Both approaches to finding q are based on the fact that the maximum stress at a notch 

occurs at the root of the notch, but decays below the surface. The Peterson constant, , is 

based on the value of stress a distance below the surface, and the Neuber constant, , is 

based on the stress averaged over a distance below the root of a notch. Empirical 

solutions for these parameters are given as (Dowling, 2006) 

inch
ksi300

001.0

8.1

u

 (4.10) 

and 

inch
ksi85

ksi100
log u  (4.11) 

 

So, taking a practical case from the experimental studies, a Kf , can be calculated.  

Assuming a sine wave Ra of .000 060 inch and a  of 1, Eqn. 4.5 yields a  of 3. x 10-6. An 

ultimate strength Su of 97 ksi, produces 

   = .00763   and     = .0048 

and so, according to Eqn. 4.8 and Eqn. 4.9, 

   qpeterson = .000393  and    qneuber = .02439 

Finally, applying Eqn. 4.7 to Kt ‘s derived from both the Neuber relation of Eqn. 4.6 and FEA 

models yield - for  of 1 and Ra of .000 060 inch – fatigue notch factors of: 

 

Table 4.1 Kf values for Peterson and Neuber using FEA 

 Kt FEA Kt Neuber 

qpeterson 1.002 1.003 

qneuber 1.132 1.215 
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Conclusions 

 In terms of infinite fatigue life, FEA models with an Ra roughness of 60 µinch predict up to 

a 13% reduction in endurance limit, and the Neuber notch analysis predicts up to a 22% reduction 

in endurance limit after correction for notch sensitivity. 

With an estimate of the stress concentration for, Kt, from FEA and the notch sensitivity 

factor, q, using Peterson or Neuber, the means exist to simulate the R.C. Johnson curves (Fig. 

3.6).  Using a Kt of 6.4 (where =1), the Neuber q was used to generate Fig. 4.9 and the Peterson 

q was used to generate Fig. 4.10.  In the figures, the surface roughness factor Ks is equal to 1/Kf, 

computed using Eq. 4.7.  A variety of assumptions were tried, but none produced curves similar 

to the R.C. Johnson curves.  
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Figure 4.10 Peterson vs. R.C. Johnson curves 
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CHAPTER 5 

 

EXPERIMENTAL RESULTS FOR ROUGHNESS 

 

Rotating-Bending

 

 In order to evaluate the calculations for surface roughness and to address the effects of 

residual stresses, two sets of rotating-bending (RB) fatigue experiments were conducted. 

 One set involved testing 1.25” O.D. by 1.045” I.D. tubular samples of 97 ksi Su by 90 ksi Sy 

coil tubing. The samples were loaded to a known bending moment and rotated using the machine 

depicted in Fig. 5.1. 

 

   Figure 5.1 Large diameter RR Moore rotating-bending machine 

As shown, a gauge section of reduced wall thickness was machined mid-sample to avoid collet 

grip related failures.  Samples were tested with a polished surface, and with surfaces 

circumferentially abraded by medium and rough grit emery cloth. 

 Another data set was generated using small ½ inch diameter coupon samples as shown in 

Fig. 5.2.  The alloy used for these samples was hot rolled 4130 steel, the strength and hardness 

being similar to the modified A606 alloy used in the coil tube.  

The small coupon sample surfaces were prepared using the following procedure:  

Set A was polished longitudinally until all circumferential machining marks were removed. 

F F
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Set B was roughened using 120 grit emery cloth held on a sample while rotating in a lathe for 

about 15 seconds to induce a “fine” surface finish. 

 

Set C was roughened using 100 grit emery cloth to induce a “medium” surface finish. 

 

Set D was roughened using 40 grit emery cloth to induce a “coarse” surface.  

 

Figure 5.2 Small coupon fatigue samples 

 

The average surface roughness associated with the samples sets were measured by profilometer: 

 

                    Table 5.1 Small coupon R-B surface preparation 

Surface 

Preparation 

Cloth Grit Ra roughness 

A – Polished N/A 3.4 in 

B – Fine 120 24.3 in 

C – Medium 100 57.5 in 

D – Coarse 40 78.8 in 

 

 

 

Initially, half of the samples were prepared in this manner and the other half were left in the “as 

machined” condition. All samples were then stress relief annealed by heating in a vacuum to 1150 

ºF, holding for 1 hour, then oven cooled to ambient temperature. After all samples were heat 

treated, the “as machined” samples were prepared identically to sets B, C and D, to produce sets 

Br, Cr and Dr. The subscript r indicates that the residual stresses were not eliminated from these 

samples. Note that all polished samples were polished prior to heat treating, to remove residual 

stresses from the baseline samples. It should be noted that the hardness was measured before and 

after the stress relief procedure, and no changes were noted (93 Rb). The microstructure was also 

observed by SEM to be unaffected by the heat treatment.  

4”

0.3”
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Large Tube R-B Results 
 

 

The fatigue data from the 1.25” full body tubular samples are shown in Fig. 5.3. 
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Figure 5.3 Fatigue data for tubes in rotating-bending. Polished sample 

data were taken at three load levels, and abraded surface data were 

taken at only one load level. 

 

Attempts to generate fatigue failures without a reduced midsection all produced failures at the 

stress concentration associated with the tapered-collet grips. With a 1.250” O.D. and wall 

thickness of about 0.103”, a neck in the reduced section of 1.164” O.D. reduced the wall 

thickness to a value of 0.060”, and caused subsequent failures mid-neck. 

 Several necked sections were roughened using two different grits of emery cloth held 

against the rotating gauge sections for about 15 seconds. The grits were 100 (medium) and 40 

(rough). Due to the size of these samples, it was not possible to measure the resulting surface 

roughness with the available profilometer. However, an identical procedure was used on the small 

diameter samples and similar surfaces were induced (for Ra values of about 58 and 79 µinch). 

 The polished samples were tested at three different load levels in order to roughly estimate 

a baseline fatigue strength coefficient and exponent, f’ and b. Using these parameters and the 

fatigue data point taken as the average life generated at each roughness, the reduced exponent, bs, 
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was estimated for each roughness. Using these parameters, the surface roughness factor, Ks, was 

calculated, assuming an endurance limit threshold life of Ne = 106. From this procedure, 

experimental Ks values for the medium (100 grit) and coarse (40 grit) surfaces are 

      Ks,100 grit  =  0.970 

      Ks,40 grit  =  0.963 

These values agree very favorably with the values from the R.C. Johnson graph of Fig. 3.6. Using 

the ultimate strength for the coil tube alloy of 97 ksi, the R.C. Johnson tables estimate Ks values 

of 0.96 and 0.97 for the 100 and 40 grit medium and coarse roughness, respectively. 

 

Small Coupon R-B Results 

 The fatigue data from the small coupon samples are presented in Figs. 5.4-5.7. The data 

reveal trends that are similar to those from the work of Ferguson.  Fig. 5.4 presents data from the 

baseline, polished samples. 
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Figure 5.4 Baseline fatigue data for set A with polished surfaces (small coupon) 
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The scatter near the endurance limit is considerable. A group of samples failed around 500,000 

cycles, while others at the same load level lasted a few million cycles, or ran out (did not fail), 

lasting longer than 107 cycles. Despite this scatter, a power law curve was fit through the finite-

life samples as shown. 
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Figure 5.5 Fatigue data for sets B (NRS) and Br (RS) with “fine” surfaces (small coupon) 

 

 In Fig. 5.5, the overall trend of the fine-emery-cloth Br group samples with residual stresses 

(RS) actually shows improved fatigue performance relative to polished baseline samples, 

consistent with the observations from Ferguson’s work. Without the residual stresses (NRS), the  

heat treated B samples failed slightly sooner then the polished samples, as shown by the power 

law curves fit through each set of data.  

 All medium-emery and coarse-emery samples in Figs. 5.6 and 5.7 showed reduced fatigue 

strength relative to the polished samples. However, for the same roughness, samples with residual 

stresses (RS) showed slightly longer fatigue lives relative to stress relieved samples (NRS). These 

plots consistently support the hypothesis that two separate mechanisms are at work: (1) rougher 

surface reduced the fatigue resistance while (2) residual compressive stresses induced during the 
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surface abrasion process improve the fatigue resistance. In the case of set B, the beneficial effect 

of residual compressive stress is slightly greater than the negative effect of the roughened surface, 

but not for the rougher sample groups C and D. 
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Figure 5.6 Fatigue data for sets C (NRS) and Cr (RS) with “medium” surfaces (small coupon) 
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Fig. 5.7 Fatigue data for sets D (NRS) and Dr (RS) with “coarse” surfaces (small coupon) 
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Experimental Conclusions 

 The small coupon data showed fatigue life reductions similar to the full body tubes, based 

on data points from surfaces roughened after stress relieving (the RS data points), but lower Ks 

values when residual stresses were removed. Surface roughness values computed for both 

conditions from all three sets of data are presented in the following table: 

 

Surface Condition Ks – RS Ks – NRS 

B – Fine >1 0.95 

C – Medium 0.96 0.84 

D – Coarse 0.88 0.81 

 

Table 5.2 Small Coupon Surface Roughness Factors 

 

The RS data for the medium roughness agrees well with the full body tube data, but the coarse 

surface shows a lower Ks than the full body tubes. It should be noted that the surface roughness 

on the full body tubes could not be measured with the instrumentation available, and could 

account for the 8% difference in the Ks values.  

 The samples abraded after stress relief exhibited a distinct beneficial effect of residual 

compressive surface stresses, caused by the abrasion process, as observed by Ferguson. Although 

interesting, its effect is not strong enough to be relied upon for predicting additional fatigue life 

for rotating coiled tubing in field applications. 

 

 
Residual Stresses From Coiling Operations 

 The experimental results for Ks together with data gathered from previous low-cycle tests 

(Tipton, 1998) for above-ground coiling provide a means to investigate the combined effects of 

dogleg rotating-bending, surface roughness, and above-ground residual stress events. 
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 Since the coil tube is plastically deformed when wound onto the spool, straightening the 

tube for use requires reversed plastic deformation. This results in substantial residual stresses 

downhole, though the downhole rotating-bending stresses should somewhat help in relaxing these 

residual stresses. 

 As previously noted, DLS of 25º/100ft produce a fully-reversed maximum bending strain 

amplitude of 0.00059 at the outer surface. However, work done be S. M. Tipton (1996) has 

shown that fatigue lives taken from coupon samples tested in axial strain-controlled loading more 

closely correlate with average strains in the tube wall.  So, due to the linear distribution of 

bending strains, the average strain in the wall of tubing with a thickness of t is then given by, 

     
R

tD

2
     (5.1) 

For the 3.25” O.D. tubing with wall of t = 0.25”, this corresponds to a fluctuating strain amplitude 

of a = 0.000545.  

For fully reversed loading, the strain amplitude is related to fatigue life by the Manson-

Coffin (Manson, 1953, Coffin, 1954) relation: 

c

f

bf

a NN
E

22 '

'

    (5.2) 

The constants,  

f’ = fatigue strength coefficient 

b = fatigue strength exponent 

f’ = fatigue ductility coefficient 

c = fatigue ductility exponent 

were obtained for coiled tubing material from strain controlled fatigue testing as per ASTM E606, 

as described by Tipton (1998).  For each material, Eqn. 5.2 was fitted through the data to define 

the constants, or fatigue properties particular to that alloy. It is important to note that the smallest 
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strain amplitude used to collect data from the axial coupon samples was 0.003 (0.3%), 

corresponding to lives of about 4000-8000 cycles. Although much higher than the regime in 

which coiled tubing normally operates, those lifetimes are well below the estimates for damage 

induced by dogleg rotating-bending. However, the parameters were formulated with extrapolation 

into the high-cycle regime taken closely into consideration. Individual alloys were fit such that 

strain ranges associated with lives of 106 were estimated with reasonable conservatism relative to 

other coiled tubing alloys and other steel alloys with similar tensile properties. 

To account for residual mean stresses, m, the Manson-Halford (Manson, Halford, 1981) 

equation can be used, as given in the following equation: 
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  (5.3) 

Where, the mean stress, m, can be approximated based on analysis of the elastoplastic cyclic 

stress-strain state in the walls of the tubing. Factors such as cyclic stress relaxation are accounted 

for implicitly in such an analysis by using the cyclic stress-strain parameters, K’ and n’ (the cyclic 

strength coefficient and cyclic strain hardening exponent, respectively) via the Ramberg-Osgood 

(Ramberg, Osgood, 1943) relations,  

'/ n1

aa

a
KE

    (5.4) 

along with a Massing (1926) assumption to account for load reversals. 

 

Surface Roughness Factors 

Since the surface of coiled tubing may be circumferentially scored by contact with the 

wellbore during rotation, the potential exists for this additional surface roughness to affect the 

fatigue life, which we have shown affects the high-cycle portion of the strain-life relation. 

Therefore, a surface roughness factor, Ks, is used to modify the fatigue strength exponent as 
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follows. The cycle count associated with the endurance limit in smooth material, Se, is Ne and 

computed by: 

      
b

efe N2S )('
    (5.5) 

 

 The reduced fatigue strength exponent, bs, is computed by: 
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b     (5.6) 

The modified fatigue strength exponent bs is used in Eqns. 5.2 or 5.3 in place of b to account for 

surface roughness without or with a mean stress, respectively (Dowling, 2006). 

Previous work by Tipton, using the cyclic stress-strain relation Eqn. 5.4 and typical 

geometries and activity found in coil rigs, conservatively estimates the magnitude of the mean 

stress downhole between 10% and 20% of the cyclic yield strength.  So, the following life 

predictions can be made by Eqns. 5.2 and 5.3 with and without residual mean stress estimates for 

above-ground residual strain using the range of Ks found in the experimental testing: 

 
 Life Estimate (cycles)     

Ks = 1 Ks = 0.96 Ks = 0.95 Ks = 0.88 Ks = 0.84 Ks = 0.81 

m = 0 102,866,660 69,890,717 63,457,452 32,290,199 21,948,656 16,428,775

m = 0.2Sy' 59,155,134 40,645,045 37,007,384 19,204,730 13,201,818 9,965,692 

 
Table 5.3 R-B life estimates with roughness, R-B, and mean stress 

 

 

 

Mean Stress Conclusions 

 Most significant about these mean-stress estimates is that they all well exceed lives of 

106, associated with the endurance limit – even with the most conservative estimates for mean 

stress.  For practical purposes of fatigue damage logging models for coiling, the rotating-bending 

cycles in the dogleg make no contribution to fatigue damage. 
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Additionally, it is anticipated that the spinning tube will itself improve the mud flow and 

transport of tailings enough to reduce the number of wiping (up/down) trips off and on the spool. 
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CHAPTER 6 

MICROSTRUCTURE

Data Scatter 

 Several of the small coupon samples exhibited very high scatter. For instance, 

within the B (fine) group, one sample failed at 0.5 x10
6
 cycles and another failed at 

5.0x10
6
 cycles - under identical load.  Figs. 6.1 through 6.3 show the fracture surface for 

a 0.5 x10
6
 (short-life) sample.  Figs. 6.4 and 6.5 show a 5.0x10

6
 (long-life) fracture 

surface at identical loading.  Results by SEM showed sulfur inclusions at the initiation 

site of the short-life sample, but differences between samples were inconclusive. 

 

 

Figure 6.1 B5 Short-life sample shows likely crack initiation at upper right  
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Figure 6.2 B5 short-life probably crack initiation site 

 

 

 

Figure 6.3 Close-up of B5 probable crack initiation site – possible inclusions 
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Figure 6.4 B9 long-life possible crack initiation site on top edge 

 

 
Figure 6.5 Close-up of B9 long-life probable crack initiation site 
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Comparison of grain size and inclusions 

Grain size was measured as 9.5-10 (600 u-inch) by SEM for the small 4130 

samples – 10 times bigger than typical Ra features, as shown in the following figure: 

 
 

Figure 6.6 Grain sizes and inclusions in 4130 material 

 

 

In a transverse cross-section, the largest of the observed non-metallic particles had a 

diameter of 300 µinch and appeared to a mixture of manganese sulfide and oxides of 

aluminum and calcium.  The majority of finer inclusions averaged 58 µinch and appeared 

to be manganese sulfide. A longitudinal cross-section revealed stringers of manganese 

sulfide, with the largest particle measuring 1500 µinch in length and 190 µinch in width. 

According to Novovic, 2004, inclusions an order of magnitude larger than grainsize have 

a larger effect than surface roughness. These inclusions are not that large. 
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CHAPTER 7 

 

CONCLUSION

 

 

 The additional fatigue cycling that rotating coiled tubing endures as it passes through 

curved sections of directional wellpath is shown to lie below the endurance limit of 90 ksi grade 

coiled tubing material. These predictions are based on conservative estimates of material 

properties, surface roughness and mean stresses associated with above ground bending-

straightening. 

 In order to quantify the conservatism of the analytical predictions, an experimental program 

was undertaken to generate fatigue data for coiled tubing in the high cycle regime. Full body 

tubular samples were loaded in rotating-bending with surfaces circumferentially roughened to 

varying extents. Additional high-cycle fatigue data were taken using small coupons of a similar 

alloy with varying surface roughness imposed by circumferential abrasion. These data validated 

the conservatism of the assumptions used to estimate of the effect of surface roughness on fatigue 

resistance. They also validated a beneficial effect of residual compressive surface stress, caused 

by the abrasive process itself. Although these residual stresses offset the detrimental influence of 

the roughened surfaces, the mechanism by which they develop is not sufficiently well understood 

to be relied upon for quantitative field life estimates.  

 A comparison of techniques used in this thesis are summarized in Table 7.1 for a typical 

case, using the endurance limit determined by the baseline polished samples: 
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Table 7.1 Conclusions normalized to 54.89 Se material (experimental) at 60 µinch roughness 

Technique Procedure Se Endurance Limit, ~ 60 µin 

Modern area models Analytical 73-89 ksi 

Peterson Analytical 53.8 ksi 
Experimental Experimental 51.93 ksi 

R.C. Johnson* Unknown commercial 51.2 ksi 

FEA-Neuber FEA + analytical 47.6 ksi 

Neuber notch Analytical 44.4 ksi 

Noll-Lipson, Timken Bearing Commercial 33 ksi 
Juvinall- Bannantine- Dieter Textbook 34.4 ksi 

 

*Size factor Csize ignored 

 

The best agreement with the experimental results for samples roughened to about 60 µinch were 

the R.C. Johnson curves without size factor, only slightly more conservative.  Modern area  

models were dangerously non conservative, while classic textbook and commercial models were 

excessively conservative, leading to premature retirement of potentially productive coil tubing. 
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APPENDIX A 

 

DATA

 

 

Small Diameter Coupons 

Dia Moment Stress Cycles Dia Moment Stress Cycles

(in) (in-lbs) amp (ksi) to Failure (in) (in-lbs) amp (ksi) to Failure

0.298 170 65.43 65,800 0.301 170 63.50 40,500

0.299 170 64.78 125,500 0.301 170 63.50 62,300

0.300 170 64.13 167,600 0.299 170 64.78 93,500

0.302 150 55.47 207,800 0.303 150 54.92 306,400

0.300 150 56.59 539,300 0.300 150 56.59 1,206,000

0.302 150 55.47 598,200 0.299 150 57.16 2,540,300

0.301 140 52.29 564,400 0.302 150 55.47 2,714,800

0.298 140 53.89 861,400 0.301 135 50.42 1,120,200

0.300 135 50.93 265,600 0.300 135 50.93 1,666,700

0.301 135 50.42 341,500 0.300 135 50.93 2,972,100

0.301 135 50.42 91,195,400 runout

Dia Moment Stress Cycles Dia Moment Stress Cycles

(in) (in-lbs) amp (ksi) to Failure (in) (in-lbs) amp (ksi) to Failure

0.301 170 63.50 27,900 0.299 170 64.78 55,100

0.301 170 63.50 31,000 0.302 170 62.87 103,600

0.301 170 63.50 41,000 0.300 170 64.13 104,700

0.302 150 55.47 9,000 0.300 150 56.59 126,300

0.302 150 55.47 118,000 0.300 150 56.59 205,000

0.296 150 58.91 120,300 0.302 150 55.47 320,100

0.302 150 55.47 129,000 0.301 135 50.42 309,900

0.302 135 49.92 138,100 0.300 135 50.93 1,117,700

0.300 135 50.93 191,600 0.299 135 51.44 1,133,900

0.299 135 51.44 223,200 0.299 135 51.44 1,282,600

0.300 135 50.93 350,800 0.301 135 50.42 1,302,000

Dia Moment Stress Cycles Dia Moment Stress Cycles

(in) (in-lbs) amp (ksi) to Failure (in) (in-lbs) amp (ksi) to Failure

0.301 170 63.50 42,100 0.301 170 63.50 28,350

0.301 170 63.50 50,300 0.301 170 63.50 55,250

0.299 170 64.78 54,800 0.301 170 63.50 68,200

0.299 150 57.16 103,500 0.299 150 57.16 52,800

0.300 150 56.59 123,500 0.301 150 56.03 116,700

0.301 150 56.03 130,600 0.298 150 57.74 136,600

0.301 135 50.42 158,500 0.301 135 50.42 288,000

0.302 135 49.92 165,300 0.3 135 50.93 371,900

0.301 135 50.42 193,700 0.3 135 50.93 396,400

0.302 130 48.08 205,200 0.3 130 49.04 646,600

0.301 130 48.56 771,600

Coarse Surface - Residual Stresses

Medium Surface - Residual Stresses

Fine Surface - Residual Stresses

Coarse Surface - No Residual Stresses

Medium Surface - No Residual Stresses

Fine Surface - No Residual Stresses
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1.25” Diameter Tubing 

 

 

 

 
a (ksi) Surface

N
(cycles)

56.91 polished 22,900 

56.91 polished 56,900 

      

52.07 polished 347,000 

52.07 polished 292,000 

      

48.70 polished 425,800 

48.70 polished 763,600 

      

52.07 100 grit  138,900 

52.07 100 grit  122,500 

      

52.07   40 grit  112,900 

52.07   40 grit  117,500 


