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This thesis investigates fatigue crack growth rate behavior in the threshold
and near-threshold regimes for a Ti-6Al-4V (STOA) alloy using two proposed ASTM
procedures- (1) load-shedding (LS) using a larger load-shed rate than the current
ASTM Standard E647 load-reduction (LR) test procedure, and (2) compression pre-
cracking constant-amplitude (CPCA) or load-increasing (CPLI) and load-shedding
(CPLS). Tests were conducted at a low stress ratio (R=0.1) on compact C(T)
specimens of two different widths (W = 51 and 76 mm) and threshold fatigue crack
growth rates were generated. These test data were compared to previous test data
produced from the same batch of material using the current LR and the CPCA test
procedure.

While no test procedure provided an exact representation of the threshold
value (AKw), the compression pre-cracking (CP) procedures were the most
promising. The LR, LS, and CPLS test procedures were influenced by prior loading-
history and various crack-closure mechanisms, leading to higher AKw values and

slower crack growths in the threshold regime. The LS tests (at shed-rates of -0.08,



-0.32, and -0.95 mm-1) generated AKw values that were 15% to 32% higher than the
estimated threshold stress-intensity factor range (A*Kn)r=0.1. The CP test procedures
are a more accurate alternative for developing near-threshold and threshold fatigue
crack growth rates. The CPLS test procedure produced a AK: value that was 10%
higher than (A*Kt)r=0.1. LR and LS tests produced different AK values as a function
of the specimen width for the given load ratio. The CP test procedures produced
consistent crack growth rates over the same range of AK values examined,
independent of the specimen width. Further research is required for developing test
procedure(s) capable of providing a more definitive representation of the AKtw value

and closure-free fatigue crack growth rates in the threshold regime.
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NOMENCLATURE

Symbols:
B Specimen thickness, mm.
a Crack length, mm.
an Crack-starter notch length, mm.
C Normalized K-gradient (or load-shed rate), mm-1.

da/dN Crack growth rate, m/cycle.

E Modulus of elasticity, GPa.

Ea Reference modulus of elasticity, 70 GPa.

h Notch height, mm.

Kec Critical stress-intensity factor at failure, MPa-Vm.

Kep Minimum stress-intensity factor during compression pre-cracking,
MPa-vm.

Kcr Stress-intensity factor for compact specimen under tensile loading,
MPa-vm.

Kmax Maximum stress-intensity factor, MPa-vVm.

Kmax,i Maximum applied Kmax at the end of fatigue pre-cracking procedure

prior to performing a K-decreasing test procedure, MPa-vVm.

Kmin Minimum stress-intensity factor, MPa-vVm.

Kop Stress-intensity factor corresponding to crack-opening load, MPa-vVm.
N Number of cycles.

Pait Alternating load, (Pmax - Pmin)/2, 1bs.

Pmax Maximum applied load, lbs.

X1



Pmax, i
Pmin
Pmean
Po

PoR

Iep

Aa

AK
AKefr
AK;
AKtn
(AKi)r
(AKtn)7

(A*Ken)r

Maximum applied load at the beginning of the test, Ibs.

Minimum applied load, Ibs.

Mean load, (Pmax + Pmin)/2, lbs.

Crack-opening load.

Crack-opening load ratio.

Load (Pmin/Pmax) ratio or stress ratio.

Plastic-zone size during compression pre-cracking, mm.

Specimen width, mm.

Crack extension, mm.

Stress-intensity factor range, MPa-vm.

Effective stress-intensity factor range, MPa-vVm.

Initial stress-intensity factor range, MPa-vVm.

Fatigue crack growth threshold stress-intensity factory range, MPa-vm.
Initial stress-intensity factor after compression pre-cracking, MPa-vVm.
Threshold stress-intensity factor at R = 0.7, MPa-vVm.

Estimated threshold stress-intensity factor at R, MPa-vVm.

Constraint factor.

Flow stress (average of yield and ultimate tensile strength), MPa.
Ultimate tensile strength, MPa.

Yield stress (0.2% offset), MPa.

xii



Abbreviations:

AMS
ASTM
BFS
COD
CTOD
CP
CPCA

CPLI

CPLS
C (T)
DICC
NASA

LI

LR

LS

OPX
PICC
RICC

STOA

Aerospace Material Specification.
American Society for Testing and Materials.
Back-face strain gage.

Crack-opening displacement.

Crack-tip opening displacement.
Compression pre-cracking test procedures.

Compression pre-cracking constant-amplitude test procedure.
Compression pre-cracking load-increasing test procedure.

Compression pre-cracking load-shedding test procedure.

Compact specimen, a single edge-notch specimen loaded in tension.
Debris-induced crack closure.

National Aeronautics and Space Administration.

Load-increasing (K or AK-increasing, constant R) test procedure.

Current ASTM Standard E647 load-reduction (K or AK-decreasing,
constant R) test procedure.

Proposed load-shedding test procedure.

Crack-opening load (Po/Pmax) ratio at X% compliance offset.
Plasticity-induced crack closure.

Roughness-induced crack closure.

Solution treated and overaged.
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CHAPTERI

INTRODUCTION

Structural components may experience in-service fatigue damage under cyclic
loading conditions. The damage, typically in form of cracking, may emanate and grow
from structural flaws or material metallurgical features. Such an accruing fatigue
crack growth exceeding a critical crack length can lead to a catastrophic structural
failure.

To study the fatigue crack growth in engineering materials, the concept of
linear-elastic fracture mechanics (LEFM) developed by Irwin [1] and Paris et al. [2] is
used. Fatigue crack growth behavior of metallic materials is classically evaluated
using crack growth relationships in terms of a range of crack-tip stress-intensity
factor, AK, and crack growth rate, da/dN (a = crack length, N = cycle count), at a given
load ratio (R = ratio of minimum to maximum load) [3]. Figure 1.1 represents a plot
of typical fatigue crack growth rate data for a metallic material at constant load ratio,
where fatigue crack growth rate, log (da/dN), is plotted against log (AK). The fatigue
crack growth curve can be categorized in three distinct regimes: the threshold regime
(I), the Paris regime (II), and the fracture regime (III).

In region I (Figure 1.1), as AK decreases, the fatigue crack growth slows down

drastically leading to a non-linear relationship between AK and da/dN [4]. A fatigue



crack growth threshold stress-intensity factor range, AKw, an asymptotic value of AK
at which da/dN approaches zero [5], can be determined in region I. Hence, the region |
defining crack growth as either very slow or nonexistent is called as the threshold

regime.

4+ R=Constant | |
R = Pmin/ Pma)( : . :
i Region Il i K. > K.
! Paris !
! Region !
1 |
o % Region | i i
©8| Threshold | |
~ Region ! !
v da/dN = C(AK)™ |
1 |
No significant i i Region Il|
crack growth | | Fracture
i i Region

AKg, log (AK)
@ 109 m/cycles
Figure 1.1  Schematic of typical fatigue crack growth rate behavior.

Region II (Figure 1.1), shows a nearly linear relationship between AK and
da/dN [3] for many materials on log-log plots. As the crack grows towards a critical
crack length in region Ill, AK increases and an unstable crack growth is expected.
Thus, the relationship between AK and da/dN becomes non-linear in region III [6].

A greater part of the fatigue life in a structural component is spent in the
region I threshold conditions, whereas region II and IIIl commonly consume smaller
portions of the total fatigue life. Traditionally, AKw is used as a limit for damage
tolerant design [7]. Hence, an accurate determination of AKw has a great bearing on
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the design of a high strength-high cycle fatigue structure and is also vital for
successful crack growth prediction. A structure designed with an inadvertently high
AKw, may catastrophically fail long before its projected service life. On the contrary, if
AKi is too low, the structure would have to endure a higher weight penalty.

Figure 1.2 represents experimental fatigue crack growth rate test data for the
titanium alloy, Ti-6Al-4V (STOA), at a wide range of load ratios, R, of 0.1, 0.3, 0.5, and
0.8, from threshold to near fracture [8]. It can be observed that for the same AK, a
faster fatigue crack growth rate is obtained at the higher stress ratio. The fatigue crack
growth thresholds (AKw at 10-1° m/cycle) vary with the given load ratio. In addition,

the spread in AK at low rates is more than at higher rates.

AK (ksivin)
2 3 4 5 6 7 8910 30 40 50
10-55 T T T T T T T T T
v = STOA Ti-6AI-4V & "
S — 25 °C, 50 Hz R o 10
5 <
‘E 10 E B oo
E = [Or08 8500 .
% — | ARS05 mw 10°
3 107k |oRo03 oo —_
S = | o R0t e o
E — Aamg? 10-6 -?
8 0 £

2 10°E OE 8 £
T — DEIDD <>°°<> , %

— o ;
c P s 3
o 10 A o
n: QA °o
3 Fa o f 10°®

o &
G 10"k oa
g 8
S 10°
10—11 1 1 1 L1 11 I 1 1 1 1
2 3 4 5 6786910 20 0 40 50 60

STRESS-INTENSITY RANGE, AK (MPavm)
Figure 1.2  Fatigue crack growth data for a Ti-6Al-4V (STOA) alloy at various load
ratios [8]
Elber [9] proposed the concept of fatigue crack closure to help understand the
load ratio effects on the fatigue crack growth rate behavior. During experiments on
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2024-T3 aluminum sheet, Elber recognized an occurrence of a premature crack
surface contact under cyclic tensile unloading conditions- before the minimum
load [10]. Such behavior was attributed to the residual plastic deformations of the
material left behind in the wake of advancing crack. On subsequent cyclic tensile
loading, the crack surface is fully open when the crack-opening load occurs. It is
generally accepted that there is no crack-tip damage below the crack-opening load,
thus the load cycle below the crack-opening load does not contribute to fatigue crack
growth. Further, Elber related the fatigue crack growth rate to an effective stress-
intensity range, AKeff, defined as AKeff = Kmax - Kop, where Kmax is the maximum stress-
intensity factor range and Kop is the stress-intensity factor corresponding to crack
opening load.

The plastic strain field generated at the crack tip, Figure 1.3 [11], modifies the
stress-intensity factor range causing crack closure (later termed as plasticity induced
crack closure or PICC [12]). The PICC mechanism has hence been used to explain the
load ratio dependency [10, 12], near-threshold effects (low AK crack growth), and the
influence of load-history [13] on the fatigue crack growth rate behavior.

While the past research has demonstrated that PICC is the most dominant and
well perceived closure mechanism in metals, existence of the roughness induced
crack closure (RICC) [14, 15] and oxide/fretting debris induced crack closure (DICC)
[14, 16] mechanisms are suspected under threshold conditions where crack opening

displacements are small and crack paths become more torturous [17].



Crack-surface displocements
near threshold

Figure 1.3 A schematic of the plasticity induced crack closure and crack-surface
displacements near-threshold crack growth rate behavior [11]

RICC [15, 18] occurs during the cyclic tensile unloading, when rough crack
surfaces come in contact. Rough fatigue cracks cause a mixed mode crack tip stress
field due to misalignment and displacement of crack surfaces, thus reducing the crack
tip driving force. RICC maybe of most significance at low AK due to torturous crack
growth, small crack tip opening displacements (CTOD) and smaller PICC effect.

Oxidation due to environmental effects and continuous pile-up of fretting
debris due to premature crack surface contacts through PICC or RICC, congest the
crack surfaces [14, 16, 18]. As the crack tip advances, oxidation occurs as soon as the
newly created crack surfaces are exposed to environmental agents. For high Kmax tests
or where CTOD is large, oxide debris may not cause a substantial crack closure.
However, oxide/fretting DICC may have significant effects near-threshold, where the
CTOD is small, with rough crack surfaces [19].

It is evident from the earlier research [11, 19, 20] that crack closure may be

observed far behind the crack tip, and not just near the crack-tip. In Figure 1.4 [19],



remote closure occurring during constant R load-reduction threshold testing is
shown. Crack contact occurs in the crack wake due to large amount of plasticity
created by higher loads during the early constant-amplitude loading (higher stress-
intensity factor) sequence, while the crack-tip (feeling smaller stress-intensity
factors) remains open. Such remote crack closure caused due the load-history effects,

has been recognized to significantly affect the crack-tip stress-strain field.

0.04 =  Aluminum alloy
0, =415 MPa
0.03 F (Spaxlca=115MPa;R=0
= 1.15 (Plane stress)
0.02 |
Smax =9 MPa
0.01
COD, mm Q.00 +
-0.01
-0.02 - Sawcut Constant Load reduction
| .'-1mplitudeI |
-0.03 F I I |
-0.04 1 ] 1 ] 1
0 10 20 30 40 50
X-axis, mm

Figure 1.4 Remote crack closure indicated by the crack opening displacement
(COD) due to load-history effects [19]



CHAPTER II

RESEARCH MOTIVATION AND OBJECTIVES

A large portion of fatigue life for high-cycle aerospace and machinery
components is often spent in the threshold region. Traditionally AKw is used as a limit
for damage tolerant design [7]. Past research has established that the threshold and
near-threshold region of the crack growth rate curve is vital for a successful
prediction of the service life and for determining proper inspection intervals, mainly
for cracks originating from very small initial discontinuities [21].

At present, the threshold fatigue crack growth regime is experimentally
defined using a load-reduction (LR) test procedure in ASTM Standard E647 [22]. The
LR (K-decreasing, constant R) test procedure has been shown to produce higher
thresholds and slower rates in the threshold regime than steady-state constant-
amplitude data. Tests have shown that the LR test procedure is affected by the loading
history, induces remote closure due to plastically deformed material in the wake of
crack to prematurely slow down the crack growth [11, 12, 19, 20]. In addition, the LR
test procedure produce “fanning” in the threshold region, due to elevated crack
closure levels in the low R tests. Thus, the LR test procedure defeats the original intent
in ASTM Standard E647, to produce a “steady-state” constant-amplitude data,

without any load-history effects



The ASTM Committee EO8 on Fatigue and Fracture that regulates the ASTM
Standard E647 [22] have proposed two alternate procedures to counter the load-
history effects. Revision to the ASTM Standard E647 that includes these proposed
procedures is currently under balloting process. These procedures are:

(1) load-shedding (LS) using a larger load-shed rate than the current ASTM

Standard E647 LR procedure, and
(2) compression pre-cracking constant-amplitude (CPCA) or load-shedding
(CPLS)

To generate fatigue crack growth rate data in the threshold and near-
threshold regimes, without appreciable load-history effects, a “compression-
compression” pre-cracking procedure is used. The compression pre-cracking (CP)
procedure was championed by Newman et al. [23- 32] by conducting near-threshold
fatigue crack growth tests on a wide variety of materials. Using the CP procedure, pre-
notched fatigue test specimens are cycled under compression-compression loading
to produce a very small initial crack, which naturally slows down during fatigue
cycling. Then the specimen is subjected to a constant-amplitude loading (CPCA)
procedure to generate crack growth rate data in the near-threshold regime; or a load-
shedding (CPLS) test to generate very low crack growth rates in the threshold regime
at the desired load ratio. For the material of interest in the current study, titanium
alloy Ti-6Al-4V (STOA), past tests [27, 32] using the CPCA test procedure have

demonstrated lower thresholds than the current ASTM LR test procedure.



The key objective of this study is to determine the fatigue crack growth rates
in threshold and near-threshold regimes for the titanium alloy, Ti-6Al-4V (STOA),
using the two proposed ASTM test procedures. These experimental test datasets will
then be compared with the previous test data [27, 32] produced from the same batch

of material using the current LR and the CPCA test procedures.



CHAPTER III

THRESHOLD AND NEAR-THRESHOLD TEST PROCEDURES

The primary objective of a fatigue crack growth rate test is to determine
“steady-state” constant-amplitude AK-da/dN data at constant stress ratio. The
current chapter will present and discuss the following threshold and near-threshold
test procedures:

1.  Current load-reduction test procedure.
2. Current constant Kmax test procedure.
3.  Proposed load-shedding test procedure.

4. Compression pre-cracking test procedures.

3.1 Currentload-reduction test procedure

The LR (K or AK-decreasing, constant R) test procedure was developed in early
1970’s by Paris et al. [14, 33] to generate data at low values of stress-intensity factor
ranges and approaching the threshold conditions. Later, Bucci et al. [5] and Hudak et
al. [34] finalized the procedure, which was incorporated into the current ASTM
Standard E647 [22]. The LR procedure has since been used to generate threshold
fatigue crack growth rate data and determine AKih. To help characterize the loading
conditions for many structural components, the current LR test procedure

reproduces a wide range, i.e., low and high stress ratios of fatigue crack thresholds.
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Initial test starting load levels are selected such that the crack growth rates
immediately from crack-starter notch are less than 10-8 m/cycle. Specimen is fatigue
pre-cracked under constant amplitude tensile loading at R equal to or lower than the
desired R for the LR test. Once a pre-crack of adequate size is obtained, the LR test is
initiated by cycling at a AK and Kmax level equal to or greater than the terminal fatigue
pre-cracking values. Subsequently, loads are shed (decreased) as the crack grows,
such that the range of stress-intensity factor reduces at an exponential rate, until the
lowest AK (usually AKt 10-19 m/cycle) or crack growth rate of interest is obtained.
Upon developing rates at or near the target 10-1° m/cycle, the test control is changed
to constant R load-increasing (AK-increasing) loading scheme, to ‘trace’ back up the
crack growth rate curve, to ensure that the LR data and the load-increasing (LI) data
are in agreement.

The rate of load shedding is achieved by limiting the normalized K-gradient, C,

as:

c=(3)(5)>-008mm™ (-2in"") (3.1)

This is equivalent to a 5% change in stress every 0.5 mm of crack extension.

When using an automated technique for load shedding in a continuous manner, the

standard allows a normalized K-gradient of -0.2mm-1 (-5 in-1), i.e.,a 10% change every
0.5 mm of crack extension.

For many years, there has been a concern with the possible load-history effects

on the near-threshold fatigue crack growth data, such as elevated thresholds and

slower rates than steady-state data [11]. A schematic of typical AK-da/dN behavior
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from the current ASTM Standard E647 LR test is depicted in Figure 4.1. For the K-
decreasing constant R (i.e., LR) test procedure, the standard [22] suggests using pre-
cracking crack growth rates equal to or less than 10-8 m/cycle (4 x 10-7 in/cycle) to
initiate load-shedding. Experimental tests and measurements have demonstrated
that the LR test procedure develops crack closure levels above the steady state
magnitude [35]. For a LR test with an initial stress-intensity factor range (AKi) level
such as AKji, the loads are shed with a decreasing AK at constant R, and a threshold
(AKt)1 may be obtained. If a lower AKi value such as AKz is used, a lower threshold
(AKtn)2 with faster crack growth rates may be generated. The LR tests may exhibit a
phenomenon called “fanning” in the threshold regime with the load ratio, where the
spread in AK at a low rate is larger than at higher rates as a function of R. The E647
LR procedure considers that the crack tip behavior is totally controlled by AK and do

not regard the crack closure or the load-history effects.
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R = Constant
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Maximum Rate

da/dN

14
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i
1
/
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(AKn)2 (AKp)

Typical near-threshold and threshold fatigue crack growth behavior

Figure 3.1
under load-reduction test procedure.

3.2  Current constant Kmax test procedure
The Kmax test procedure was developed by Herman et al. [36]. The test

procedure reduces AK, by reducing the load amplitude, i.e., raising the Kmin, while the
Kmax remains constant. The procedure generates low crack growth rates at very small

AK values, and the stress ratio near and at threshold is generally greater than 0.9.

The constant Kmax test procedure for obtaining threshold, purportedly

develops a threshold that is not influenced by plasticity-induced crack closure
[36, 37]. However, the Kmax test procedure relies on the AK-decreasing practice

(equation 3.1) to determine threshold, which have shown to introduce load-history
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effects. Yamada and Newman [38], using a local strain-gage method demonstrated
that the Kmax test is not completely closure free, and is affected by PICC, RICC and DICC
mechanisms. Thus, much more research must be conducted on developing a
procedure(s) to generate threshold and near-threshold data that is unaffected by

load-history effects.

3.3 Proposed load-shedding test procedure

The new load-shedding procedure, defined in Appendix X5 of the proposed
ASTM Standard E647, is similar to the current load-reduction procedure (detailed in
section 3.1), except for an alternative load shedding relation that allows higher shed
rates. The relationship asserts minimization of the effects of the prior load-history

effects by limiting the normalized K gradient parameter (load-shed rate) as follows:

c>-0.1 (L>2 (3.2)

max,i

where Kmax,i is the initial maximum stress-intensity factor at end of the fatigue pre-
crack procedure prior to performing a K-decreasing test procedure, and oys is the

yield strength of the material.

3.4 Compression pre-cracking test procedures

The CP test procedures were developed to generate fatigue crack growth rate
data in the threshold and near-threshold regimes, without appreciable load-history

effects [27- 32]. A “compression-compression” pre-cracking procedure, proposed by
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Suresh [39], Pippan et al. [40, 41], Forth et al. [25] and Newman et al. [24], is used to
determine the steady-state constant-amplitude crack growth rate curve at constant R
conditions.
CP test procedures are defined in Appendix X6 of the proposed ASTM Standard
E647. The appendix allows two procedures for generating near-threshold and
threshold crack growth data. These are (1) compression pre-cracking constant-
amplitude (CPCA), and (2) compression pre-cracking load-shedding (CPLS). For the
purpose of this study, a third procedure, compression pre-cracking load-increasing
(CPLI), was also considered. Figure 3.2 represents typical use of the CP test

procedures for generating near-threshold and threshold fatigue crack growth data.

R = Constant
l’,
ASTM _‘_f _______
Maximum Rate /'
CPCA/ CPLI
L4
Z e
o ,/ +— Plastic-zone and
S , rd Notch Criteria
High R ! satisfied
!
]
! cPLs
i
i
1
1
i
i
®

AK

Typical fatigue crack growth data using the compression pre-cracking

Figure 3.2
test procedures.
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The key difference between the CP test procedure and the ASTM LR or the
proposed LS procedure is the fatigue crack initiation methodology. The CP test
procedures use cyclic “compression-compression” loading for fatigue pre-cracking,
which leave the crack with tensile residual stresses (i.e., open crack at zero load). In
contrast, fatigue pre-cracking for the ASTM LR or the proposed LS test procedures is
achieved under cyclic tensile loads, which induce compressive residual stresses along
the crack front. Further, compression fatigue pre-cracking allows the initial AK level
for the CP tests to be nearly a factor of two lower, and at a corresponding crack growth
rate nearly an order-of-magnitude lower (typically 10-° m/cycle), than the ASTM LR
or the proposed LS procedure (typically 10-8 m/cycle).

In the CPCA test procedure, after fatigue crack initiation under cyclic
compressive loading, the near-threshold fatigue crack growth rate data is generated
under constant-amplitude loading. Crack growth rate data is valid once the crack has
extended beyond the crack-starter notch effects and away from the tensile residual
stresses per the crack-extension criterion (discussed further in this section). The CPLI
test procedure exactly similar to the CPCA test procedure, except that the near-
threshold fatigue crack growth data is generated under a load-increasing (AK-
increasing, constant R) loading scheme.

In the CPLS test procedure, after the fatigue crack initiation under cyclic
compressive loading, a constant-amplitude loading is used to extend the crack using
a crack-extension criterion (discussed further in this section). Once, the crack has

grown beyond the crack-extension criteria, a standard ASTM LR (AK-decreasing,
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constant R) test procedure is used to generate threshold fatigue crack growth rate
data.

Fatigue pre-cracking is achieved by cycling a pre-notched specimen under
compression-compression loading for 30,000 to 50,000 cycles. The initiated crack
naturally stops growing once the threshold is reached under the compression-
compression loading, if a large number of cycles were applied.

For the pin loaded C(T) specimens used herein, the compressive stress-
intensity factor, |Kcp| was determined as:

|Kep| = [1+2.5 (1-21)19] Ker (3.3)
where Kcr is the standard stress-intensity factor (i.e. equation 3.4 below) for the

compact specimen under tensile loading.

_ P 2+a)
CT — BVW (1—6{)3/2

(0-886+ 4 -64a —13.32a% + 14 - 72a® — 5 - 64a*) (3.4)

where a = a/W, the crack length to width ratio. The minimum compressive stress-

intensity factor should be within:
0.00015 < <! < 0.0003 vm (3.5)

where E is the modulus of elasticity of the material.

Compression pre-cracking leaves the crack with a negative crack-opening load
(i.e, open crack at zero load), before primary fatigue tensile loading. Hence, to
overcome the influence of the tensile residual stresses at the crack front and the notch
effects on the fatigue crack growth rates, the crack is grown (Aa) under constant-

amplitude loading per the crack extension criterion:
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Aa =4(1—R) rcp\/E;A (3.6)
or

Aa =hn (3.7)
whicheveris larger. Here E is modulus of the material tested, Ea = 70 GPa (10,150 ksi),
Aa is crack extension from the notch tip, R is the applied load ratio of the test,
rep = (|Kep|/oFs)2/m is an estimate of the plane-stress compression plastic-zone size,
and ors is the material flow strength (average between yield and ultimate tensile

strength).
Initially, a test at nominally closure free stress ratio (R = 0.7) is performed
using the LR test procedure (detailed in section 3.1) with a typical K-gradient (i.e.
load-shed rate), C = -0.08mm-! (-2 in1). The threshold (AK)7 established for the R =
0.7 test is then used to estimate the starting conditions for the other stress ratios
using simple set of equations and as shown in Figure 3.3. The estimated threshold

value, (AK*wm)r, atthe specified load ratio, R, is calculated as:

(1-R)

E 3 —
(AK*th)r = (AKth)7 (1-PoR) (3.8)
where, the crack-opening load ratio for R2 0 is
Por=0.3513 + 0.0303 R+ 0.8607 R2-0.2672 R3 (3.9)

The initial stress-intensity factor range (AKi)r at the required load ratio, R, is given
by:

(AKiR = 1.3 (AK*u)r (3.10)
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Post compression pre-cracking, loads are carefully selected to match the
(AKi)r value. While holding loads constant, the specimen is subjected to a constant-
amplitude loading while the crack-extension criteria (i.e., equation 3.6 or 3.7) is
satisfied. Further, based on the desired data required, CPLR/CPCA/CPLI tests are

conducted.

R = Constant

ASTM
Maximum Rate

CPCA/CPLI

+—Plastic-zone and
Notch Criteria
satisfied

da/dN

ASTM LR
R=0.7

+— (AKj)r = 1.3 (AK*y,)r

(AKen)r  (AK'm)r
AK

Figure 3.3 Compression pre-cracking procedures to generate near-threshold and
threshold fatigue crack growth data.
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CHAPTER IV

MATERIAL AND SPECIMEN CONFIGURATION

4.1 Material

The titanium alloy (Ti-6Al-4V) in solution treated and overaged (STOA)
condition, produced per AMS 4928, was used for the threshold fatigue crack growth
behavior study. The material yield stress (oys) is 931 MPa (135 ksi), the ultimate
tensile strength (ou) is 979 MPa (142 ksi), and the modulus of elasticity (E) is 116 GPa
(16,800 ksi) [32].

While the material was processed in a way to minimize residual stresses, a
slitting method [32, 42] was used to ensure residual stresses do not influence the
crack growth measurements during the test. Using the wire electrical-discharge
machining, crack length extensions were made, and residual stress-intensity factors
were obtained for two standard C(T) specimens (W = 51 mm). Measured residual
stress-intensity factors were less than 0.25 MPa-vm [32] from a crack length to width
ratio,a/W = 0.3 (i.e., at notch tip) to a very deep crack with a/W = 0.875 for both C(T)

specimens.

4.2  Specimen configuration

The specimens were standard plan-form compact C(T) specimens as defined

in the ASTM Standard E647 [22]. The specimens were machined to two different
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widths, W, of 51 mm (2 in) and 76 mm (3 in) with nominal thickness, B = 6.35 mm
(0.25 in). To minimize the influence of out-of-plane bending during cyclic tensile
loading on the crack front shapes, the tensile load bearing part of the two pin-holes

were manually beveled using a circular file.

q—an—b|

Beveled Pi;i\-Ho\I“e

W

Figure 4.1 A schematic of the compact C(T) specimen.

A crack-starter U-notch was achieved by using wire electrical-discharge
machining on eight of nine specimens with crack-starter-notch-to-width ratio, an/W,
of 0.3 or 0.45. These specimens had a notch height, h = 0.5 mm (0.02 in) and a notch-
tip-root radius of 0.25 mm. (0.01 in.). One C(T) specimen with W = 51 mm (2 in) had
a machined starter V-notch, with crack-starter-notch to width ratio, an/W = 0.3,

notch-tip-root radius of 0.1 mm (0.004 in) and included angle of 60°.
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CHAPTERV

TEST PROCEDURES AND RESULTS

Tests for this study were performed using an Instron 8872 25 kN (5.6 kip)
servo-hydraulic test machine under laboratory air conditions. Test control and data
acquisition was provided by using the Fatigue Technology Associates (FTA) crack-
monitoring system [43]. During each test, the crack length was continuously
monitored by using the back-face compliance procedure with a back-face strain gage
(BFS), as outlined in ASTM Standard E647 [22]. Crack length was periodically verified
by visual measurements using an optical travel microscope. Each test was paused,
and the compliance crack length was recalibrated for any large deviation in the
visually observed crack length.

BFS and crack-monitoring software used back-face compliance to monitor and
record the crack length and load versus strain (or displacement) data. Further, the
software determined crack-opening load (Po/Pmax) at various compliance offset
values using Elber’s reduced-strain approach [44]. The ASTM Standard E647 [22]
Appendix X2 recommends using 2% compliance offset (OP2) change to determine
Po/Pmax from the load-reduced-strain (or displacement) records. However, in the

current study, the OP1 (1% compliance offset) and OP2 (2 % compliance offset)
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values obtained from the FTA crack-monitoring system were used to extrapolate the

OPO0 (0% compliance offset) value, which is closer to Elber’s crack-opening load [38].

5.1 Tests using the compression pre-cracking procedure

The compression pre-cracking (CP) test procedure was used to generate
fatigue crack growth rate data in the threshold and near-threshold regimes, without
appreciable load-history effects at a load ratio, R = 0.1. The compact C(T) specimens
were loaded using standard round pins and compression pre-cracked at high load
ratios (R = 20 to 50) with compressive stress-intensity factor, |Kcp|/E, of 0.00013-
0.00024 vm (0.0008-0.0015 vin) for approximately 40,000 cycles at nominal cyclic
frequency of 8 or 10 Hz. While the fatigue pre-crack was not visible using the optical
microscope, the FTA system detected initiation of a small crack at the notch based on
the back-face compliance. The available FTA system did not possess the capability to
record the crack-length under the compression-compression loading.

The specimens were then subjected to a constant-amplitude tensile loading, to
overcome the residual stresses at the crack front and the notch effects. The cracks
were grown to a definite length to meet the crack-extension criteria. Further, data
from threshold to near fracture was obtained using either the CPLR and CPCA or CPLI
test procedures, at the desired constant load ratio, and at a nominal cyclic frequency
of 18 Hz. Tests were conducted on 51 mm (2 in) and 76 mm (3in) wide compact
specimens.

Fatigue crack growth tests were conducted at several normalized K-gradient

(C) values. All CPLS tests to obtain AKt were followed by CPLI tests, to ‘trace’ back up
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the crack growth rate curve. Constant Kmax tests were also conducted at two Kmax

values of 20 MPa-Vm and 11 MPa-vm. Table 5.1 summarizes the key test parameters

during the CP procedures. Figure 5.1 illustrates all the near-threshold and threshold

fatigue crack growth rate test data for specimens subjected to CP test procedures.

Summary of key test parameters during the compression pre-cracking

procedures.

Table 5.1
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[ Ti-6Al-4V (STOA) C(T) B =6.35 mm
Compression Pre-cracking test data
W=351mm ASTM Maximum
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[ —— CP Kmax =20 MPa-m'?
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o - A CPLIR=0.1
g i C=+0.08 and + 0.16mm’’
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< - C =-0.16mm’
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Figure 5.1 Near-threshold and threshold fatigue crack growth rate test data for
compression pre-cracking test procedures.

In Figure 5.1, the dashed line at 10-8 m/cycle indicates the ASTM maximum
rate requirement for fatigue pre-cracking followed by initiation of the threshold
fatigue crack growth tests. The other dashed line at 10-19 m/cycle represents the
ASTM Standard E647 definition for fatigue crack growth rate threshold and is

included to help the reader observe and ascertain the AKw values.
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5.2 Tests using the proposed load-shedding procedure

The C(T) specimens were fatigue pre-cracked under constant-amplitude
tensile loading at low stress ratio, R = 0.1. The initial starting load levels were
carefully selected to ensure that the immediate crack growth rates less than
10-8m/cycle (4 x 107 in/cycle). The crack was grown to a specified distance (typically
1-2 mm or 0.04-0.08 in) away from the machined crack-started notch, to overcome
the possible notch effects.

Tests was then conducted to obtain near-threshold and threshold fatigue
crack growth rate test data at R = 0.1, and at a range of load shed rates as the crack
grew. Tests comprising normalized K gradient (C) values of -0.08 mm- (-2in'1),
-0.16 mm1 (-4 in'1),-0.32 mm-1 (-8 in'1) and -0.95 mm-1 (-24 in-1) were performed. All
the load-shedding (LS) tests were followed by load-increasing (LI) tests at the same
load ratio, intended to follow back up the crack growth rate curve. Specimens with
widths, W, of 51 mm (2 in) and 76mm (3 in) were tested, at a nominal cyclic frequency
of 18 Hz.

Table 5.2 summarizes the key test parameters during all the LS procedures.
Figures 5.2 and 5.3 show all the near-threshold and threshold fatigue crack growth
rate test data for 51 and 76mm wide specimens respectively, subjected to the

proposed load-shedding test procedures.
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Table 5.2 Summary of key test parameters during the load shedding procedures
on 51 and 76 mm wide specimens.
Specimen Specimen Constant
p Width, W | Amplitude Fatigue Test# 1 Test# 2
ID# .
(mm) Pre-Cracking
_ LS LI
E”f"(’;'l%o Ibs. C=-0.95 mm-. C=+0.95 mm-!
Ti5 51 N:2.90921c cles R=0.1 R=0.1
Ao = 10906 ni’m AKi = 8.67 MPa-Vm | AKi = 4.18 MPa-Vm
o Pmax,i =360 Ibs. Pmax,i =166 lbs.
LS LI
E”fxc’; 1 360 Ibs. C=-0.32 mm-! C=+0.32 mm-!
Ti6 51 N:2.60980c cles R=0.1 R=0.1
e o 12791 ni’m AKi = 9.02 MPa-Vm | AKi = 3.98 MPa-vVm
T Pmax,i =360 Ibs. Pmax,i =136 1bs.
LS LI
E”fxc’; 1 360 Ibs. C=-0.08 mm-! C=+0.16 mm-!
Ti7 51 N:2.81646c cles R=0.1 R=0.1
A o 11447 ni’m AKi = 9.07 MPa-Vm | AKi = 4.72 MPa-Vm
T Pmax,i =360 Ibs. Pmax,i =93.90 Ibs.
LS LI
E"f"‘(’; 1 700 Ibs. C=-0.32 mm C=+0.32 mm
T 76 N = 224242 cycles | 1= 01 R=0.1
A 11404 ni]m AKi = 9.35 MPa-Vm | AKi = 4.08 MPa-vVm
o Pmax,i =700 Ibs. Pmax,i =279.10 Ibs.
LS LI
Pmaxi = 690 Ibs. C=-0.95 mm'! C=+0.32 mm'!
T4 R=0.1 R=01 R=01
(PartA) 2;_2163%2 g’ges AKi = 9.35 MPa-Vm | AK; = 5.32 MPa-vVm
76 o Pmax,i =690 Ibs. Pmax,i =381.101bs.
LS LI
T4 C=-0.32 mm! C=+0.32 mm1
(Part B) R=0.1 R=0.1

AK; = 8.90 MPa-Vm
Pmax,i =603.90 le

AKi = 4.77 MPa-Vm
Pmax,i =301.10 le
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Figure 5.2  Near-threshold and threshold fatigue crack growth rate test data for
specimen width, W = 51 mm, using the proposed load-shedding test
procedure.
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Figure 5.3  Near-threshold and threshold fatigue crack growth rate test data for
specimen width, W = 76 mm, using the proposed load-shedding test
procedure.
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CHAPTER VI

DISCUSSION OF TEST RESULTS

6.1  Previous tests on Ti-6Al-4V (STOA) by Newman et al. [27, 32]

Newman et al. [27, 32] performed near-threshold and threshold fatigue crack
growth tests on a Ti-6Al-4V (STOA) alloy, with specimen widths W = 25, 51, and
76 mm, at various stress ratios (R=0.1, 0.4, and 0.7) using the current ASTM
Standard E647 LR [22] and the CPCA test procedures. The test results from these
procedures are discussed in this section.

LR test procedure fatigue crack growth data [32] for 25, 51, and 76 mm wide
specimens, at various load ratios (i.e.,, R = 0.1, 0.4, and 0.7) is presented in Figure 6.1.
Ata same AK value, faster fatigue crack growth rates are observed at high Rs. Further,
the AKwn value (at 10-19 m/cycle) varies as a function of R. The LR test data is expected
to exhibit such a load ratio effect, due to build-up of various crack-closure
mechanisms as AK-decreases (i.e., loads are shed). R = 0.1 test data shows a “fanning
out” of AK values at lower crack growth rates as a function of specimen width, i.e., a
large scatter of AK values is observed between 51 and 76 mm wide specimens below
1E-2 m/cycle. Further, for a given AK value, the wider 76 mm specimen produces
lower crack growth rates than the narrower 51 mm specimen. Such specimen width

effects reveal an unexpected trend similar to that observed when the LR test
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procedure was used on Inconel-718 [45]. For R = 0.4 test data, the accelerated crack
growth in narrower specimens was not as pronounced as for R = 0.1. No LRR = 0.4
test attained threshold fatigue crack growth rates of 10-1 m/cycle. For a given AK,
below 2E-° m/cycle, the 76 mm wide specimen produced slower fatigue crack growth
rates than the 25 or 51 mm wide specimens. The high R = 0.7 crack growth rate data
in the Figure 6.1 is a mix of fatigue crack growth rates generated from the LR and
CPCA test procedures. These LR and CPCA test data agree well within the

experimental scatter.

- Ti-6Al-4V (STOA) C(T) B = 6.35 mm

: ASTM Load Reduction ASTM
R=0.1 Maximum Rate
. o W=25mm Requirement
10 F o W=51mm TS T
- A4 W=76mm
L R=04
- & W=25mm
o B W=51mm
9 A W=76mm
£ 10° | R=0.7 (LR; CPCA)
= ¢ W=51mm
o o
T R
-c -
1010 | ——gm—m———— o___ ASTIIVI-A.Kth
- G4  Definition
B o
1 1 1 1 1 1 1 1 |
1 2 3 4 5 6 7 8910
AK, MPa-m2

Figure 6.1 Threshold fatigue crack growth data by Newman et al. [32] for
Ti-6Al-4V (STOA) using the load-reduction (LR) test procedure.
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Fatigue crack growth test data at various load ratios (i.e.,, R = 0.1, 0.4, and 0.7),
using the CPCA [32] test procedure on 25,51,and 76 mm wide specimens is
presented in Figure 6.2. In contrast to the LR R = 0.1 tests (Figure 6.1), no specimen
width effect can be observed in the CPCA R = 0.1 test data. The CPCA test fatigue crack
growth data for the three specimen widths (i.e, W = 25, 51, and 76 mm) plot directly
on top of each other for the same range of crack growth rates. Also, the CPCAR = 0.1
test procedures produce lower AKw values (at 10-1© m/cycle) in comparison to the LR
R = 0.1 tests (Figure 6.1).

R = 0.4 CPCA [32] tests (Figure 6.2) show a slight influence of the specimen
width effect above 3E-19 m/cycle, where the 76 mm wide specimen produced slower
crack growth rates than the 25 or 51 mm wide specimen. However, the specimen
width effect on the CPCA R = 0.4 tests are not as marked as the effect observed in the
LR R =0.4 tests (Figure 6.1). Further, crack growth rates for the 76 mm wide
specimen show a good agreement with the narrower 25 and 51 mm wide specimens
near the threshold regime (i.e., at about 10-1 m/cycle). For R = 0.7, the LR test results
were similar to the CPCA tests, as was observed during testing of other materials
[24, 27- 29].

As a result of these noticeable differences between the LR and CPCA test
procedures [32] (in Figures 6.1 and 6.2 respectively) on R = 0.1 and 0.4 test data,
Newmanet al. [27, 32] concluded that the CPCA test procedures were an
improvement over the LR test procedures. The CPCA test procedure offered a more

accurate representation of the threshold fatigue crack growth rates and the AKw value

32



in comparison to the LR test procedure. Further, at the same R, the CPCA test results
were independent of the specimen widths, while the LR tests demonstrated a

variance in results between different specimen widths.
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Figure 6.2  Threshold fatigue crack growth data by Newman et al. [32] for
Ti-6Al-4V (STOA) using the compression pre-cracking constant
amplitude (CPCA) test procedure.

The FASTRAN life-prediction code [46] was used to correlate the AK-da/dN
data between the various load ratios. In these analyses, the LR-CPCA test data for
R = 0.7 was assumed to be unaffected by the crack-closure effects, and thus AK = AKefr.

A solid AKefr-da/dN curve was fitted to the R = 0.7 test data (Figure 6.3). Based on the
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fitted AKe-da/dN curve, FASTRAN [46] crack closure predictions were made for
R =0.1and 0.4 data (presented by solid curves in Figure 6.3), with a tensile constraint
factor a = 1.9. The CPCA test data [32] matches the FASTRAN predictions very well
for the low stress ratios. These predicted FASTRAN (a = 1.9) solid curves in Figure 6.3
will be used as a reference point in further discussion and analyses of the test data

from the current study for this thesis.
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Figure 6.3 Compression pre-cracking constant-amplitude (CPCA) threshold
fatigue crack growth data by Newman et al. [32] plotted with the
predicted FASTRAN [46] curves.
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One of the objectives of this research is to compare the prior LR and CPCA test
data [32], with the LS and CP test data (discussed in Chapter 5) from this current
study. In the following sections, a comparison between the LR, CPCA, LS and CP test

procedures is presented.

6.2 Comparison of the test data for the load-reduction [32] and the load-
shedding test procedures

A comparison of the fatigue crack growth rates generated using LR [32] and
LS test procedures for the 51 wide mm specimens, at various load-shed rates
(i.e, C=-0.08, -0.32, and -0.95 mm-1), for R = 0.1 are presented in Figure 6.4. All the
LS tests were initiated at similar AK-da/dN values, while the one LR test was initiated
at a higher AK-da/dN value. Above 102 m/cycle, the LR, LS and the FASTRAN [46]
R =0.1 data are in a very good agreement. However, below 10-° m/cycle, the LR and
LS test data corresponded to higher AK values in comparison to the predicted
FASTRAN R = 0.1 curve. Such LR and LS test behavior are indicative of the influence
of various crack-closure mechanisms, due to generally decreasing AK values and prior
the prior load-history effects, as the crack growth rates approach thresholds (at
10-19m/cycle). A large scatter in the AK values is observed around 10-1° m/cycle as a
function of C; they do not show a particular trend. Also, at 10-19 m/cycle, the LR and
LS test procedures produce higher AKwm values, compared to that predicted by

FASTRAN for R = 0.1. Further, as is expected, higher Cs (-0.32 or -0.95 mm-1)

35



produced faster fatigue crack growth rates for same AK values, than lower
C=-0.08 mm-.

A fatigue crack growth rate data comparison from the R=0.1 LR [32] and LS
test procedures for the 76 mm wide specimens at various load-shed rates
(i.e, C=-0.08,-0.32, and -0.95 mm-1) are presented in Figure 6.5. The LR and LS test
data for the 76 mm wide specimens show similar trends to that for the 51 mm wide
specimens (Figure 6.4). All the LR and LS tests on the 76 mm wide specimens were
initiated at similar AK-da/dN values. Above 2E-2 m/cycle, the LR, LS and the FASTRAN
[46] R =0.1 data are all in very good agreement. However, below 2E-° m/cycle, the LR
and LS test data begin to deviate towards higher AK values in comparison to the
predicted FASTRAN curve, due to generally decreasing AK values and prior load-
history effects leading to a build-up of various crack-closure mechanisms, as the crack

growth rates approach threshold.
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Figure 6.4 Comparison of fatigue crack growth rate data from the load-reduction

(LR) [32] and the load-shedding (LS) test procedures for R = 0.1 and
W =51 mm.

Further, a large scatter in the AK values is observed at around 10-1° m/cycle
as a function of C (Figure 6.5), and higher C values (-0.32 or -0.95 mm-1) produced
faster fatigue crack growth rates than C = -0.08 mm-1. Also, at 10-19 m/cycle, the
R=0.1 LR and LS test procedures produce higher AKw values compared to that
predicted by FASTRAN [46]. In comparison, the AKw values for the 76 mm wide
specimens were higher than the AKw values for the 51 mm wide specimens

(Figure 6.4). To recap, both the LR [32] and LS test procedures are influenced by
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various crack-closure mechanisms and load-history effects that lead to higher

thresholds than predicted by FASTRAN.
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Figure 6.5 Comparison of fatigue crack growth rate data from the load-reduction
(LR) [32] and the load-shedding (LS) test procedures for R = 0.1 and
W =76 mm.

6.3 Specimen width effect in the load shedding test procedures

Test data from all the R = 0.1 LR [32] and LS test procedures on 51 and 76 mm
wide specimens are presented in Figure 6.6. The test results show a large variance in

AK values below 2E-2 m/cycle. All the LS tests from the current study were initiated

38



at similar AK-da/dN values, and the two LR tests were initiated at higher AK-da/dN
values slightly above the ASTM maximum rate requirement (dashed line at
10-8 m/cycle). In the near-threshold region below 2E-° m/cycle, for the same AK and
C values, 76 mm specimens produce slower rates than the 51 mm wide specimens.
Further, at threshold (AKw at 10-1° m/cycle), 76 mm wide specimens also produce
noticeably higher AKw values than the 51 mm wide specimens. As discussed in
Section 6.1 (Figure 6.1), Newman et al. [32] observed similar specimen width effects,
where for the same R, wider specimens (i.e., W = 76 mm) produce higher thresholds
and slower rates in comparison to the narrower specimen (i.e., W = 51 mm).

For a given R value, the LR and LS test employing decreasing AK values
produce different thresholds depending on the specimen width; this result calls into
question the utility of these two methods. Further, the specimen width dependence
on the generated fatigue crack growth rates is a clear violation of certain fracture
mechanics concepts, where crack growth rate behavior can be correlated with the

alternating stress-intensity factor range for a given load ratio.
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Figure 6.6  Specimen width effect in the load reduction (LR) and load shedding
(LS) test procedures.

6.4 Comparison of the test data for the load-reduction [32] and the
compression pre-cracking test procedures

Fatigue crack growth data for the 76 mm wide specimens from the LR test
procedures by Newman et al. [32] and the CP test procedures from the current study
are presented in Figure 6.7. As discussed in Section 6.3, for a given R, the LR test
methods produce fatigue crack growth rates and thresholds that depend on the

specimen width. Hence, for a consistent analyses between the LR and CP test datasets,
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specimen widths of 25 and 51 mm are excluded in this comparison. A large disparity
in the AK values for the same examined crack growth rates is observed between the
LR and CP test results below 10-° m/cycle. The LR and CP test data agree fairly well
with the FASTRAN [46] R = 0.1 prediction above 2E-° and 4E-19 m/cycle, respectively.
Below these rates, test data from both LR and CP test methods produce higher AK

values than the FASTRAN R = 0.1 curve for the same crack growth rate.
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Figure 6.7 Comparison of fatigue crack growth data from the load-reduction (LR)
[32] and the compression pre-cracking (CP) test procedures for R = 0.1
and W = 76 mm.
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An expanded view of the LR and CP test results for rates below 10-° m/cycle,
are presented in Figure 6.8 to help in better visualization of the fatigue crack growth
behavior in the threshold regime. The LR test procedure produces a AKw value of
4.95 MPa-Vm, that is 40 % higher than the estimated (A*Km)r=0.1 value. In contrast,
the AKe from the CPLS test is 3.91 MPa-vVm (i.e., 10 % higher than the estimate). No
test procedure provides a definitive measure of the AKw value and the threshold
fatigue crack growth rates. However, the CPLS test procedure is a significant
improvement over the LR test procedure and offers a more accurate alternative for

determination of the AKw value and the threshold fatigue crack growth rates.
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Figure 6.8  An expanded view of the threshold fatigue crack growth data from the

load-reduction (LR) [32] and the proposed compression pre-cracking
(CP) test procedures for R =0.1 and W = 76 mm.
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6.5 Comparison of the test results for the compression pre-cracking constant
amplitude [32] and the proposed load-shedding test procedures

R = 0.1 fatigue crack growth tests results on a 51 mm wide specimen using the
CPCA [32] procedure and the LS procedure is presented in Figure 6.9. The CPCA test
produced fatigue crack growth rates independent of the specimen width. The CPCA
test data for three specimen widths (i.e., 25,51, and 76 mm) plotted directly on top of
each other for the same examined crack growth rates. Also, the CPCA test results show
a good agreement with the predicted FASTRAN [46] R = 0.1 curve. The LS test data
for the 51 mm specimens also agrees well the FASTRAN R = 0.1 curve above
10-°m/cycle. Below 10-° m/cycle, the LS test produces higher AK values and slower
rates than the CPCA tests. In the threshold region (i.e., at around 10-1° m/cycle), the
LS tests are affected by prior load-history and a build-up of various crack-closure
mechanisms resulting in to slower crack growth rates. As a result, the LS test
produced significantly higher AKw values than predicted by the FASTRAN R = 0.1

curve.
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Figure 6.9

9 10

Comparison of fatigue crack growth data from the compression pre-
cracking constant amplitude (CPCA) [32] and the load-shedding (LS)

test procedures for R=0.1 and W =51 mm.

A comparison of the R = 0.1 fatigue crack growth tests results on a 76 mm wide
specimen using the CPCA [32] procedure and the LS procedure is presented in
Figure 6.10. The CPCA test data in Figure 6.10 is similar to that discussed previously
(Figure 6.9). Furthermore, the LS test data for the 76 mm specimens (Figure 6.10)
agrees well the FASTRAN [46] R = 0.1 curve above 2E-° m/cycle. Below 2E -2 m/cycle,
the LS tests produce higher AK values and slower rates than the CPCA tests. Similar

to the observations made for Figure 6.9, the LS tests for the 76 mm wide specimen in
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Figure 6.10 are affected by various crack-closure mechanisms leading to slower crack
growth rates in the threshold region (i.e., around 10-19 m/cycle). The LS tests on
76 mm produced significantly higher AKw values, and marginally higher than LS AKwn
values for 51mm specimens in Figure 6.9, in comparison to that predicted by the
FASTRAN R = 0.1 curve. In summary, the CPCA test method provided a better
representation of the threshold fatigue crack growth rates, than the proposed LS test

method.
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Figure 6.10 Comparison of fatigue crack growth data from the compression pre-

cracking constant amplitude (CPCA) [32] and the load-shedding (LS)
test procedures for R=0.1 and W = 76 mm.
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6.6 Comparison of the test data for the compression pre-cracking constant
amplitude [32] and the proposed compression pre-cracking test
procedures

High R = 0.7 fatigue crack growth test data for 76 mm wide specimen, using
the LR-CPCA [32] and the CPLI test procedure are presented in Figure 6.11. As
discussed in Section 6.1, the R = 0.7, CPCA test data agreed very well with the LR tests.
A CPLI (at C = +0.32 mm-1) test was performed on the 76 mm wide specimen, at
R=0.1, to study the behavior of increasing AK values (i.e., load-increasing) in
comparison to the LR-CPCA test performed by Newman et al. [32]. The CPLI fatigue
crack growth test data shows a remarkably good AK-da/dN agreement with the LR-
CPCA test data and the fitted R = 0.7 curve, from initial crack growth rates of
3E-19m/cycle to 10-8 m/cycle.

Further, the R = 0.1 fatigue crack growth rate data comparison between the
CPCA [32] and the proposed CP test methods are presented in Figure 6.12. R = 0.1 CP
tests (i.e., CPLS and CPLI tests at various Cs) were performed only on 76 mm wide
specimens. The CPCA and CP tests show an excellent agreement of AK-da/dN data
above 3E-19m/cycle with no effects of variable specimen width. The predicted
FASTRAN [46] R = 0.1 results under-predict the test data by about 10% at crack
growth rates of ~3E-19 m/cycle. For a better visualization of near-threshold fatigue
crack growth behavior, an expanded view (fatigue crack growth rates less than

10-°m/cycle) of R = 0.1 test data is provided in Figure 6.13.
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Figure 6.11 Comparison of the compression pre-cracking constant-amplitude
(CPCA) [32] and the compression pre-cracking load-increasing (CPLI)
testdataatR=0.7.

In Figure 6.13, the CPLS (C =-0.32 mm-1) test begins to deviate from the CPCA
[32] test data below 3E-10 m/cycle. At these fatigue crack growth rates, the CPLS test
produces higher AK values in comparison to the CPCA test data over the range of crack
growth rates. The CPLS test was initiated at a AK-da/dN value (i.e., at AKi) which is
order-of-magnitude below the established ASTM maximum test initiation rate of
10-8m/cycle. Yet, the CPLS test that employs decreasing AK values (i.e. load-

reduction) to achieve threshold fatigue crack growth rates appears to be affected by
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crack-closure effects and produces a AKw that is 10% higher than the estimated
(A*Kth)r=0.1. In summary, CPLS test procedure are slightly affected by the crack-
closure effects at low R values. Further research is required for developing test
procedure(s) capable of providing a more definitive representation of the AK value

and closure-free fatigue crack growth rates in the threshold regime.

;|-Sgl-14v (STOA) C(T) B=6.35mm ASTM Maximum |:I|:|
) Rate Requirement O
108 b cPprcA 0 mmmmmm e ——— ]
- O W=25mm "
- O W=51mm
[ A W=76mm
- Proposed Compression Pre-cracking
o) © W =76 mmCPLI
3] C =+0.08 & +0.16mm”"’
> v W =76mmCPLS
€ 10° | C=-032mm"
- - v W =76mmCPLI
3 [ c=+0.32mm"
(\U =
© —— R=0.1
B (FASTRAN
a=1.9)
10 L Y R ASTM AKth
N Definition
] ] ] ] ] ]
2 3 4 5 6 7 8 9 10
AK, MPa-m1/2

Figure 6.12 Comparison of the compression pre-cracking constant-amplitude
(CPCA) [32] and the compression pre-cracking (CP) test dataat R=0.1.
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Figure 6.13 An expanded view of the threshold fatigue crack growth data from

compression pre-cracking constant-amplitude (CPCA) [32] and the
compression pre-cracking (CP) test dataat R =0.1.

6.7 Comparison of the current test data for the load-shedding procedures
and the compression pre-cracking test procedures

A comparison of all the R = 0.1 data for proposed LS and CP test, on 51 and
76 mm wide specimens, are presented in Figure 6.14. No test procedure provides an
accurate representation of the fatigue crack growth threshold (A*Kth)r=0.1. The CPLS

test provides a better representation of AKt, in comparison to the LS test procedures.
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The LS test methods produce higher AKwm values and lower rates than the CP test

procedures. A summary of AKw values obtained for all the R = 0.1 tests, using the

proposed LS and CP test procedures is presented in Table 6.1.
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Figure 6.14 Comparison of the test data for the load-shedding (LS) and the
compression pre-cracking (CP) test procedures at R = 0.1

Table 6.1 Summary of AKw values obtained using the proposed LS and CP test
procedures the R = 0.1
Test Specimen | Normalized K- | AKe (MPa-Vm) COE;;(;I;;:OH
: : -10
Procedure Width gradient, C at 10-10 m/cycle. to (A*Ki)reo:
CPLS 76 mm -0.32 mm-1 3.91 10 %
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Table 6.1 Summary of AK values obtained using the proposed LS and CP test
procedures the R = 0.1 (continued)

Test Specimen | Normalized K- | AKe (MPa-vm) co];:rll‘;g*il;on
i i -10
Procedure Width gradient, C at 10-19 m/cycle. to (A*Kn)reo.
-0.08 mm-1 No AK:h at 10-1° m/cycle
51 mm -0.32 mm-1 4.07 15 %
-0.95 mm-1 4,23 20 %
LS
-0.32 mm-1 4.09 16 %
76 mm -0.95 mm-1 4,50 27 %
-0.32 mm-1 4.67 32%

6.8

One of the objectives of the proposed LS test procedure was to possibly
produce closure-free fatigue crack growth rates in the threshold regime. However,
the AK or K decreasing procedures (i.e., the LR and LS test procedures) are influenced
by the loading-history and crack-closure due the plastically deformed material left
behind in the wake of advancing crack. Crack-closure weakens the crack-tip driving

force leading to higher (potentially non-conservative) AKw values and slower crack

growth rates in the threshold regime.

This section summarizes the observed crack-closure during LS tests on 51 mm
wide specimens at various C values, based on the measured crack-opening (Po/Pmax)

loads during the tests. OP1 (1% compliance offset) and OP2 (2% compliance offset)

51

Analyses of the crack-opening loads for the load-shedding procedures




values determined by the FTA [43] crack monitoring system using back-face

compliance procedure and BFS were used to extrapolate a OP0 (0% compliance

offset) value which is closer to Elber’s crack-opening load [38]. A plot of OP0 based

Po/Pmax on a linear scale and the fatigue crack growth rates in the threshold regime

on a log scale are presented in Figure 6.15 for the LS tests at various C values

(i.e, -0.08, -0.32, and -0.95 mm1) for 51 mm wide specimens. FASTRAN [46]

predicted a Po/Pmax value of 0.3759 for a = 1.9 and R = 0.1, is also include in the figure.

da/dN, m/cycle

_ Ti-6Al-4V (STOA)

C(T) B = 6.35 mm
W =51 mm
10° FR=0.1
—e— C =-0.08 mm”
[—— C =-0.32mm
| —&3— C=-0.95 mm’’
—— FASTRAN
i a=19
10° |
10 L ASTM AKth _ _ _
10 N Definition
i 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 J
0.0 0.2 0.4 0.6 0.8
Po/Pmax

Figure 6.15 Comparison of the OP0 based crack-opening loads at various load-shed
rates for the load-shedding test procedures.
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In Figure 6.15, the Po/Pmax values at the initiation of the LS test (i.e., at about
5E-2 m/cycle) are equal to or higher than the FASTRAN-based prediction of Po/Pmax.
As the crack growth rates approach threshold (i.e., 10-19 m/cycle), an increase in
Po/Pmax values can be observed for all Cs. This suggests an increase in various crack-
closure mechanisms that affect the crack growth rates. The higher the Po/Pmax value
at 101 m/cycle, the greater is the influence of loading-history and crack-closure.
Increased influence of crack-closure causes a weakening of crack-tip driving forces,
leading to a proportionately higher (and non-conservative) AKw values.

For C = -0.08 mm! the crack growth rates become dormant at about
3E-19m/cycle, following which there is a sudden rise in the Po/Pmax values (Figure
6.15). The test does not attain threshold fatigue crack growth rates of 10-1° m/cycle.
The rise in Po/Pmax values may be due to an increasing dominance of the RICC and
DICC mechanisms, resulting from continued fatigue cycling at similar AK-da/dN
values. To recap, at 10-1 m/cycle, larger load shed rates (i.e., C =-0.95 mm-1) are less
influenced by the load-history effects and crack-closure than lower load shed rates
(i.e, C=-0.08 or -0.32 mm-1).

6.9 Analyses of crack extension to achieve threshold conditions using the
load-shedding procedures

In a LS test procedure, loads are shed (i.e.,, AK-decreases) at every definite
increment of crack length, while the crack growth rates approach the threshold value.
The higher the C value, the higher is the rate of load shedding, and the sooner the

establishment of threshold fatigue crack growth rates. Hence, the amount of crack
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extension necessary to achieve threshold fatigue crack growth rates were determined
as a function of C values. For this purpose, crack extension was defined as the
difference between the crack length at threshold crack growth rate of 10-1 m/cycle
and the initial crack length at the beginning of the LS test procedure. The observed
crack extensions (linear scale) at various |C| values (log scale) during the LS tests on

51 and 76 mm wide C(T) specimens at R = 0.1 are presented in Figure 6.16.

10 —
@® Ti-6Al-4V (STOA)
| C(TYR=0.1
B =6.35mm
W =51, 76 mm
8- 1
|
|
— |
I
|
6
|
(A2)max I 2
mm i C = - 0.1 (oyg/Kmaxi)
4 — : Appendix
: X5
| | |
Current
21— ASTM
E-647
0 1 L1 1 I Lol J
0.06 0.1 0.2 04 06 1 2

c|, mm?

Figure 6.16 Crack extension to achieve threshold conditions at various C values
using the proposed load-shedding test procedures.
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A test procedure to determine the threshold fatigue crack growth rates must
consider an adequate specimen size, material volume, and crack growth to account
for various metallurgical features. In Figure 6.16, the crack extension (i.e.,, amount of
material length investigated) to achieve threshold conditions is the highest for the
lowest |C| value of 0.08 mm-1. As the |C| values increase, the length of crack extension
to achieve threshold decreases. A summary of crack extension to achieve threshold

crack growth rate at various C values during the LS tests are presented in Table 6.2.

Table 6.2  Summary of crack extension to achieve threshold crack growth rates at
various C values during the load-shedding test procedures on C(T) at

R=0.1.
Specimen Width Norma.llzed K- Crack Extension

gradient, C
-0.08 mm! 8.9713 mm

51 mm -0.32 mm! 2.5895 mm
-0.95 mm1! 0.7722 mm
-0.32 mm! 2.6416 mm

76 mm
-0.95 mm1! 0.6226 mm
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CHAPTER VII

CONCLUSIONS

The fatigue crack growth rate behavior in the threshold and near-threshold
regimes for a Ti-6Al-4V (STOA) alloy was studied using the two proposed ASTM
procedures- (1) load-shedding (LS) using a larger load-shed rate than the current
ASTM load-reduction (LR) test procedure, and (2) compression pre-cracking
constant-amplitude (CPCA) or load-increasing (CPLI) and load-shedding (CPLS).
Threshold fatigue crack growth rates were generated at a low stress ratio (R = 0.1)
on compact C(T) specimens of two different widths (W = 51 and 76 mm). These test
data were compared to previous test data [27, 32] produced from the same batch of
material using the current LR and the CPCA procedures.

All the test employing decreasing AK or K values (i.e. LR, LS, and CPLS test
procedures) were influenced by prior loading-history and various crack-closure
mechanisms, leading to higher (potentially non-conservative) thresholds values
(AKtw) and slower crack growths in the threshold regime. As the crack growth rates
approach threshold (at 10-1 m/cycle), a rise in crack-opening loads was observed in
all low load ratio (R = 0.1) LS test procedures. The magnitude of crack-opening loads,

which indicate the inherent influence of loading-history and crack-closure, was the
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highest at threshold for the LS test with normalized K-gradient (C) value of
-0.08 mm-1.

Atlow R, no test procedure provided an exact representation of the AK value
or the fatigue crack growth rates in the threshold regime. The LS tests (tests at C
values of -0.08, -0.32, and -0.95 mm-1) produced similar crack growth rates. These LS
tests generated a AKwm values that were 15% to 32% higher than the estimated
threshold stress-intensity factor range (A*Ki)r=0.1. The compression pre-cracking
(CP) test procedures were a significant improvement over LR or LS test procedures.
Hence, the CPLS test procedure is a more accurate alternative for developing low
crack growth rates in the threshold regime. The CPLS test procedure produced a AKt
value that was 10% higher than (A*Kw)r-01. Further research is required for
developing test procedure(s) capable of providing a more definitive representation
of the AKw value and closure-free fatigue crack growth rates in the threshold regime.

Additionally, it was observed that both LR and LS procedures produced
different AKw values that depended on specimen width; wider 76 mm specimens
produced higher AKwm and lower fatigue crack growth rates in comparison to
narrower 51 mm specimens for the same R values (R= 0.1 or 0.4). The effect of
specimen width observed in the LR and LS test procedures is a violation of certain
fracture mechanics concepts, where crack growth rate behavior can be correlated
with the alternating stress-intensity factor range (AK) for a given R. In contrast, the
more robust CP test procedures produced consistent crack growth rates over the

same range of AK values examined, independent of the specimen width.
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Based on this study, it is recommended that the proposed LS procedure be
rejected in favor of the LR test procedure. The LR test, however, should be restricted
to R 2 0.7 tests. Further, it is recommended to use the CPCA and/or CPLI test
procedures for generating near-threshold fatigue crack growth rates, and the CPLS

for generating threshold fatigue crack growth rates, for all R =2 0.1.
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