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ABSTRACT. A series of in-phase axial-torsional smooth tube fatigyseexnents were
performed using regular intermittent overloads in othesa/constant amplitude load his-
tories to achieve crack-face interference-free (cracksule free) fatigue crack growth.
Observations were made of not only the fatigue life but if aiekn the initial crack
growth on a plane of maximum shear stress range changed tk gr@wth on a plane
of maximum tensile stress range. Although there was a ceraite scatter in the strain
and length at which changes in crack growth mode occurred,gdéneral trend in the
data was that the crack length at which change occurred emee with increasing strain
and strain ratio. Two separate criteria for crack growth neochange from shear plane
to tensile plane crack growth were inserted into a straindzhshort crack fatigue crack
growth model. When the crack length at the change in mode wealscped using the first
criterion (based on choosing the plane that exhibited th&imam crack growth rate)
the boundary, which is formed on a strain versus crack lempdph fell at lower strains
than the data. Use of the other criterion (based on choodmegpiane with the higher
strain energy release rate) yielded a boundary that indédaghorter than observed crack
lengths and an upper bound to the strain at which changes idemeere observed. Fa-
tigue lives predicted using the two forms of the model fel} edose to each other and to
the experimental fatigue life data. The closeness in tleepliédictions produced by the
two forms of the model and the scatter in observed strain aadkdength at the point
of mode change are assumed to be a consequence of nearlycegclabrowth rates for
tensile and shear mode crack growth.

INTRODUCTION

In the early 1970’s Elber [1, 2] demonstrated that crack wlesubstantially reduces
the mode | crack driving force seen at the crack tip, and alaimabncept, crack-face
interference, has extended this idea to include modes Illand this paper we present
cracking mode and fatigue life information for crack factenference free smooth tube
fatigue life tests. Also changes in cracking mode and fatiifie are predicted using a
short crack growth model and interference free mode | anchitlcgrowth rate data.
Although eliminating crack-face interference is diffictdt achieve, two techniques
have been successfully used — the application of suffigidarilje constant tensile stresses



normal to the crack face [3, 4, 5, 6] (under mode | loading thesans very high mean
stresses) and the periodic insertion into a constant amaglistress history of very large
overloads (on the order of the net section yield stressgeitiormal to [5, 7] or in the
plane of the growing crack [5, 8, 9]. The first technique ketlagscrack faces apart, and
the second technique, depending on how it is employed, kbemsack faces apart and/or
crushes existing crack face asperities flat so that theyngelohinder crack growth. Once
crack-face interference has been eliminated we obtain thet conservative possible fa-
tigue curve for a given material.

These techniques were used by the present authors to devedojes of biaxial crack-
face interference-free strain-life fatigue curves formalized SAE 1045 steel for five
different but constant biaxial strain ratios £ €xy/exx = 0, 3/4, 3/2, 3 ancb.) [8]. Ob-
servation of the paths that the growing (crack-face interfee-free) fatigue cracks took
in the tubes revealed consistent behavior. Cracks initiateplanes of maximum shear
strain range, grew for a distance on these planes and thesgnie cases, changed to
growth on planes of maximum tensile strain range. The leafjthe shear crack at which
the change from shear to tensile plane growth occurred digygern the small cycle strain
amplitude and the biaxial strain ratio: increasing eittmer amplitude or the ratio led to
increasing shear crack lengths, and often led to a shedewatsich spanned the specimen
gage length. Even so, for given values of the strain ampditarttl the biaxial strain ratio,
the observed maximum shear crack lengths varied subdtantia

MATERIAL, PROCEDURES, AND EXPERIMENTAL RESULTS

In this investigation a normalized SAE 1045 steel with a nahhardness of 203 BHN,
previously the focus of an SAE Fatigue Design and Evaluafiommittee multiaxial fa-
tigue study [10, 11], was used in both crack growth and fatilifie experiments. It has
a ferritic-pearlitic microstructure which is moderatelgrialed longitudinally resulting in
ferrite-rich channels (in which fatigue cracks tended twgrand pearlite rich channels.
The grains are roughly equiaxed and averagen2® diameter. Microstructure and me-
chanical properties are detailed in [12].

All specimens were machined such that the rolling directias parallel to the long
axis of the specimen. Details of specimen design, preparaind testing of the smooth
unnotched axial dogbone and biaxial tubular specimensiaea ¢h references [8, 13].

Mode | crack-face interference-free crack growth testimg wonducted on axial sin-
gle edge notched specimens. Mode Il crack-face interferémee crack growth testing
was conducted on the biaxial tubular specimens used in tigaiéalife experiments but
with a 0.25mm diameter hole drilled through the 2.54mm tuladl acting as a central
notch. All specimens were given a final longitudin@gindpolish. All testing was con-
ducted using computer control at frequencies ranging fre#Hz for biaxial specimens
and 1-100Hz for axial specimens. Periodic overload hisgrsuch as that found in the
insets in Figure 1a and b, were used in both the fatigue I&fiértg and in most of the crack
growth testing. Further details of crack growth testing barfound in reference [12].
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Figure 1. Effective (Mode | crack closure free or Mode Il dedace interference-
free) crack growth curves for normalized SAE 1045 steels.

Four SEN specimens were used to generate the crack clasagréehg crack growth
data plotted in Figure 1la. Two tubular crack growth specsneere used to produce the
crack-face interference-free long crack growth curve guke 1b. Trend lines inscribed
on the data are the piecewise linearized crack growth cwsed in modelling.

CRACK GROWTH MODELS

Two versions of a single short crack growth model that ustdrént algorithms to predict
the shear crack length at which the crack growth mode chaingedshear to tensile were
used to predict the total fatigue lives and these transtidinese models were termed the
“area” and “energy” models after the two crack path seleatgorithms used to decide
the change in crack growth plane. As well as these two difteceack path selectors the
model used a strain intensity based short crack growth sxyeateparate surface strain
concentration factors for shear and tension modes, andrelifft geometry factors for
each of the three crack growth modes. For stress intenditylations, a crack length
projection technique was used to map the shear crack lengihah equivalent tensile
crack length at the point of changeover in growth mode anéhduevaluation of the
crack path selector algorithm.

For all of the models cracks were assumed to begin as shalldiace cracks (or
persistent slip bands — PSB’s) gfid deep by 10Qmlong (@ by 2c), based on work in
reference [9]. Observations of crack initiation in smoatbds indicated that these cracks
were oriented along the plane ofaximum shear, except for those ratids=£ 3 and
3/2) in which the shear cracks grew in the longitudinal terahannels Further, cracks
were observed to nucleate on the outer surface of the tubgramdinward. The model
predicts that, as the crack grows, it shape changes fronmitied very shallow, elliptical
crack front toward a penny shape. Once the shear crack has ginoough the first grain,



a depth of 2fm the model is allowed to decide whether to change to cracktiron to

a plane of maximum tensile stress. When a tensile cracksetes the inner wall of the
tube @ = 2.54mm), it is assumed to change immediately into a through crat¢kertube
with a surface crack length equal to the outer surface crexgth. Failure is assumed to
occur when the through crack reaches a length=230mm(the tube gage lengthlf. the
model predicted a growth mode change to growth on a tensleeplit always occurred
at a crack depth of less than 308

The same study [9] from which the initial crack size was dralgo found that shear
cracks would predominantly grow in depth until about 80%lu total fatigue life was
reached. At that juncture the cracks started to grow in leagd rapidly linked up with
adjacent shear cracks to form very long shear cracks. In tuels a 30Qmdepth corre-
sponded to roughly 80% of the fatigue life for strain ampuléa above the fatigue limit at
all strain ratios. Thus in the model it is assumed that, atakclength of 30Qm a shear
mode crack links up with other similar shear mode cracks tmfa crack that spans the
gage length. The shear crack then continues to grow uneineprates the tube wall.

The experimental data from reference [12] was used to dpwelten piece linear
approximation of the mode | crack growth data (Figure 1a) amckleven piece linear
approximation of the mode Il crack growth data (as seen inr€id.b) that were used in
modelling. The latter curve was used for both modes Il andritk growth.

Crack Growth into the Tube Wall
In the first portion of the biaxial crack growth modellingrests intensity equations sug-
gested by Socie, et al. [14] were modified into a strain iritgrierm (first suggested by
McEvily [15]):

AKi(e) = QlenER/TT

AKj(e) = Q2AeGhR /T

AKjj(e) = Q2AesGRy /T

wherec is the surface half crack lengtk, (G) is the elastic (shear) modulus, aRds
the crack geometry factor. In this formulation the tendaieear strain on the shear crack
growth plane fAes = {Aeyy or Aero}) is half of the engineering straire{= ys/2). The
local strain at the surface)(is related to the bulk straire) by Qg, the surface strain
concentration function proposed by Abdel-Raouf, et al,, lIg. This function captures
the influence of the near surface stress state in which tlok andtially grows, and is of
the formQ; = ﬁ—se = 1+ gexp(—aa /D), wherea s the crack deptH) the grain diameter,
exp() is the natural exponent, anpanda are material constants. The expressionQer
is calibrated by adjusting /D until the model correctly predicts the fatigue limithe
tensile concentration facto@t, was calibrated using a mode | crack growth model (a
penny shaped crack in a rod under tension [18] with an aspéot(a/c) of 0.8 taken
from fracture surface measurements and a failure crackhesfga; = 5.08mm), crack-
face interference-free mode | crack growth data, and ualidiigue life dataThe value
of a/D for tensile cracking was determined to be 105,000. The s@gaquired a value
of a/D of 45,000 to match the torsional fatigue limit £ ). In this latter calibration a
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(a) Exterior elliptical surface crack. (b) Through-wall crack.

Figure 2. Definitions fom, ¢, 3, 6, t, andR for a tube under axial-torsional loading.

form of the crack growth model was used that assumes contgsivear crack growth on
planes of maximum shear strain and employs the mode Il ane rillogeometry factors.

Geometry Factors for an Elliptical Surface Crack
Geometry factorsK, F, andFy ) for an embedded elliptical crack of arbitrary shape
subjected to a tensile stress normal to the crack plane aheaa stress applied along its
major axis were used to model initial crack growth througé thbe wall [19, 20, 21].
Versions of the mode | and mode Il geometry factors, suitaibgified for surface crack
applications [14] by a 1.2x multiplier, were used in the models. Curve fits made to the
numerical solutions of the elliptical integrals (fra@RC Standard Mathematical Tab)es
were used in the crack growth analyses. Figure 2a definek lenagthsa andc, the crack
inclination angle 8), the parametric angl®) which defines the location along the crack
front where the geometry factors are calculated, the tubketiiakness ¢), and,R, the
tube radius to mid-wall. The geometry factor causes theka@evolve from the initial
shallow elliptical shapea(/c = 3/50= 0.06) toward a half-penny shaped craek¢ = 1)
(which is numerically stable once achieved). This behawoiothe model is consistent
with both the present fracture surface observations andgunements made by others [9].
A shear crack grows under mode Il along the surface and mouotedithe depth. The
mixture of mode Il and mode Il at other points is a functiontloé the angle the crack
front makes with the line of shear. Conversely, a crack gngvan a plane of maximum
tension is subject to only mode | loading. Thus, in the modatks growing on planes of
maximum shear us§; andF,;, and cracks growing on planes of maximum tension use
F.

A Through-Wall Tensile Crack Growing in a Tube

The transition from a surface crack to through crack is agsltm happen instantaneously
once the deepest portion of the crack reaches the inner Wdledube, and at that time
it is assumed to become a through crack with the appearaweensh Figure 2b. This
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transition presumes that the remaining uncracked matsrahcked in the last cycle to
create a through crack of lengtls. 2No backface correction factors were used.

The mode | stress intensity factor for an arbitrarily orezhthrough-crack were deter-
mined from the work of Lakshminarayana and Murthy [22]. Fe@b shows the model
geometry, and the general form of the strain intensity eqnas

AK| (&) =AeE+/TC {sin2 B+ T:%z (3—2cosB— coséB)}

T2

+ ZAQ(yG\/FC |Fin zB + 5

(9sinPB+ 23in43)} ,

wherep? = \/12(1—v2)c?/(8Rt) andv is Poisson’s ratio. The crack was grown to failure
length using this modet(= 15mm).

Determining the Equivalent Tensile Crack Length

As mentioned before, the crack orientation algorithms rdeitee whether the crack
changes from growth on a plane of maximum shear to a plane &fmuan tension.
The crack length projection technique, illustrated in FegB8 , was developed to convert
the mode Il surface crack length to an equivalent mode | sarfaack length. The angle
that the shear growth plane makes with the tube gXiss different from the angle that
the plane of tension makes with the tube agisby the anglap. The length of the crack
after conversion to the tensile plamg,is related to the length of the shear cragkyy the
amountc’ = c cosg. This new surface crack lengttf) is used for mode | strain intensity
calculations for tensile growth. If a change is made, this oeck length is used for all
future calculations.The material’s preference for easy shear crack growth iridirée
rich channels which run parallel to the longitudinal speminaxis [8] is reflected by the
B = 0° entries in the table in Figure 3 for strain ratios\of 3 and 3/2.



Crack Path Algorithms

After one grain diameter (2B1) of crack growth on planes of maximum shear strain am-
plitude and every subsequent crack growth increment, thdehdetermines whether or
not to change to growth on a plane of maximum tensile straiplitunde. This determina-
tion is made via a ratio given by the algorithms describedwelThe algorithms below
are derived for an elliptical crack case.

Energy Criterion

The strain energy release rate criterion, developed bynRBalamy and then Nuismer
[23, 24], and based on fracture work by Griffith [25], poshatta crack will propagate

in the direction in which the strain energy release rate ésgiteatest. In general terms,

it may be expressed & = K?/E = (FA0)?ma/E = (FEAe)?ma/E, or, in terms of the
incremental energy released by a given crack increrdantit is 8G. = (FAeg)?Emda.
Integration oféG. | anddGc ;) over6 leads to the total energy released per cycle under
shear crack growth,

2
262 — 26(Qtes o (Fin 200+ T K ).

where the sub/superscrigandt indicate shear and tensile growth, respectively Aegd

is the shear strain range on the active shear crack growtle gées per Figure 3) and takes

the valueAeyy for A > 3/2 andAer» otherwise. Similarly, for a growing tensile crack

the incremental mode | energy released®, = E(QLAerq)?m((F2)%da; + (F°)%kdc)

whereF? andF° are the instantaneous mode | geometry factors imthedc directions,

respectively. Thus in the model, the ratio of the energieefined ax = dGL/5Gg.

Area Criterion

The area model was an extension of an observation by HowtidrPineau [26] that
cracks grow in the mode in which the growth rates are highest.the purpose of this
work the criterion was restated as; a crack will grow in theclion in which the crack
surface area increment is greatest. Thus, given differeméments in tha andc direc-
tions in an elliptical crack, the area increment in cracknghis AA = 7(cAa+aAc). The

ratio for the area criterion is ths= % = %.

CRACK GROWTH TRANSITION PREDICTIONS

Estimates of the maximum shear crack length before charmiagto crack growth on
tensile planes provided by the area and energy models ateglo Figure 4 together
with experimental observations . In the experiments a largaber of tests did not ex-
hibit a change from shear crack growth over to tensile craiolvth. Conversely, another
significant number of tests had no post mortem observaliiating shear crack. There
were several cases where the initial shear crack changedooseack growth on a tensile
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Figure 4. Experimental observations and predictions ofimar shear crack lengths
(before crack growth changes to maximum tensile planesy. sfains which
exceed the transition straig), models predict a shear crack that grows until it
spans the gage lengthq2Z 30mm).

plane and then back again to growth on a shear plane —in thess it is the initial shear
crack half-length at the change in cracking mode that iggdiotWith the exception of a
single testX = 3/2, Agesr/2 = 0.0008) all of the tests plotted at theji@ detection limit
had initial shear cracks that were not detected. While tipegmental data in the figure
has a significant amount of scatter, it does show that therrakéxhibits increasingly
longer shear cracks as shear the strain amplitude and tkielts&rain ratio increase.
Each of the two crack growth mode transition models preditas above a certain



effective strain amplitude, labelled in Figure 4 as the gidon strain amplitude, there
will be no transition to crack growth on a tensile plane aratks will grow to in shear.
Below the transition strain both models predict a decreaslea crack length at the tran-
sition as the strain amplitude decreases until the assumigal crack length of 5Qm
is reached. The boundaries given by the energy model fah@ter crack lengths and
higher strain amplitudes than those given by the area mdtiel measured crack growth
mode transitions show a considerable amount of scattepbowfthe trends predicted by
the models — the maximum shear crack length increases agrdive amplitude and the
strain ratio increase. Most of the data show a change frorargbetensile mode crack
growth at strain amplitudes and lengths greater than thedsy predicted by the area
model. The energy model on the other hand predicts a bounbdatyin crack length,
falls below almost all the data and in transition strainsféléyond the data.

FATIGUE LIFE PREDICTIONS

Fatigue life predictions are plotted together with expetinal strain-life fatigue data in
Figure 5. Curves are shown for the “tensile,” “shear,” aga] energy fatigue life pre-
dictions. The "tensile" and "shear" predictions were madhk the same basic models as
the area and energy models were but had the crack growth noofieed to tensile plane
growth in the first case, and to shear plane growth in the secbime “shear” model has
ana/D value calibrated to predict the torsional fatigue limitgttame value is used by
the area/energy models — see the “shear/calibration” caree). The curves for the
area and energy models almost coincide with the “shear’ectowA = o presumably
because, as was shown in Figure 4a, they predict mainly gineath.

At the other extreme of the strain ratios examined was uaiatiaining, and for this
strain ratio the experimental fatigue data was produceld sotid cylindrical specimens
rather than with tubular specimens. The “tensile” model leygd ana/D value cal-
ibrated to the uniaxial fatigue limit with a mode | penny dtg@/c = 0.8) in a solid
cylinder (“tensile calibration” curve, Figure 5e). Thefigle” model and the area and
energy models yield good, almost identical, predictionthefuniaxial fatigue life data.
As shown in Figure 4e, the area and energy models predortyipagglict the same tensile
mode growth used as a basis for the “tensile” model.

For the stress ratios between the torsion and the uniaxiadraees (Figures 5b-d), the
“shear” model predictions improve as the strain ratio iases and, simultaneously, the
“tensile” model predictions change from conservative tganservative. The area and
energy models predict curves that fall very close to eackrdibr all strain ratios and
yield consistently conservative, but good, fatigue lifereates.

DISCUSSION

The large differences in the predicted maximum shear cexegith between the area and
energy models appear to arise from small differences betwmele | and Il crack growth
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Figure 5. Life predictions made with the Area, Energy, Staeal Tensile models.

rates [12]. Because the mode | and Il crack growth rates aresdlequal, the differences
in fatigue lives predicted by the models using the area aedygrfatigue criteria is small.
The experiments also support a hypothesis that the drivonge$ for shear and tensile
crack growth are almost the same since the cracks in a fevesiiacimens tested at each
strain ratio repeatedly alternated between growth on gpleaes and growth on tensile
planes.

Both the area and energy life gave predictions close to tisergbd fatigue lives.
However, the fatigue life predictions become more consmevat short lives (higher



strain amplitudes) and higher biaxial strain ratios. Dgrihe course of generating the
mode |l crack growth rate data the growing shear crack ocna#ly bifurcated (this
became more frequent as the stress intensity range indjeasd decreased the crack
growth rate significantly. Crack growth rate data obtainedrd) the period following
crack bifurcation was eliminated from the dataset, so thatctack growth rates used to
construct the crack growth rate curves were higher thanvtbeage crack growth rates.
The consequence of using a higher crack growth rate curve averestimate of crack
growth rates and a correspondingly shortened fatigue tediption.

CONCLUSIONS

Two crack growth models predicted both the crack-face fetence-free fatigue life and

the maximum length of shear cracks observed in smooth telsest under in-phase biax-
ial loading — these models followed the growth of a crack feogtallow but long crack of

persistent slip-band depth to the failure length. The twal@e®changed the crack growth
plane based on the strain energy release rate (energy)anthtkimum crack growth rate

(area) criteria. It was determined that:

1. Both models satisfactorily predicted the fatigue lifetoé smooth tubes for the
biaxial strain ratios examined in this study £ €yy/exx = 0, 3, 3/2, 3/4, and 0):
neither predicted the life data substantially better ttenather, and they both pro-
vided better predictions across the range of strain rakias models in which all
the crack growth was assumed to be confined to either thegptdmeaximum shear
or planes of maximum tension.

2. Both models qualitatively predicted the maximum sheacktdength trends: in-
creased strain ratio and/or increased small cycle strapliudes led to longer
maximum shear crack lengths.

3. The energy (strain energy release rate) model and théaeek growth rate) model
provided reasonable estimates of the upper and lower bouesjzectively, of the
intermediate shear crack length region{ftto 15mm).

4. The difference in the maximum shear crack length preahstat the time of mode
change between the two models and the close proximity of taspective fatigue
life predictions to each other are assumed to be the resalinadst equal tensile
and shear mode crack growth rates.
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