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ABSTRACT. Localized displacement measurements based on electronic
speckle-pattern interferometry are used to obtain crack mouth opening
displacement (CMOD), stress intensity factor (SIF) and T-stress values during
crack growth around cold-expanded holes. The specimens with a central open
hole are made from 2024 aluminium alloy. The expansion level is 5% of
nominal interference. The results are obtained for the same stress range Ao
= 350 MPa, but different stress ratio R = —0.4 and R = —1.0. A sequence of
narrow notches, inserted under the constant external load, setves for crack
modelling at different stages of cyclic loading. Initial experimental data
represent in-plane displacement component values measured in the vicinity of
the crack tip. The transition from in-plane displacement components to SIF
and T-stress values follows from the relationships of modified version of the
crack compliance method. The crack length curves of CMOD, SIF and T-
stress profiles are obtained for different stages of cyclic loading. These data
provide the construction of dependencies of fracture mechanics parameters
for cracks of fixed lengths from the loading cycle number.
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INTRODUCTION

resent innovations in aircraft manufacture are based on advanced technologies. One of them is the cold expansion

process that leads to enhance the fatigue life of structures with fastener holes [1]. The cold working introduces a

zone of compressive residual stresses around the hole. Fatigue life improvement is mainly related to the
circumferential residual stress influence that, firstly, delays the initial crack appearance increasing the damage tolerance life.
Secondly, residual stress influence leads to reducing the effective range of stress intensity factor (SIF) decreasing fatigue
crack growth rates [2-3].
Thus, it is generally agreed that residual stresses have a significant positive influence on fatigue life of structural components
with cold expanded holes. However, the improvement in fatigue performance is difficult to quantify. Various techniques
have been proposed in the literature to solve this problem. Theoretical methods of residual stress analysis, based on the
study of analytical solutions in closed form, were developed in [4-6]. Numerical approaches were also created by using the
finite element method in 2D or 3D formulation [7—12]. Most of these papers include experimental determination of residual
stresses by non-destructive and destructive methods to obtain data that are essential for a validation of finite element
simulation. Non-destructive experimental techniques are mainly related to X-ray diffraction [2]. Destructive (mechanical)
methods of residual stress determination are based on local material removing [13-16].
Several experimental studies have considered the improvement in fatigue performance due to the presence of compressive
residual stresses [17-19]. Fatigue predictions assume that the improvement arises because the crack is closed during part of
the load cycle and therefore the effective range of stress intensity factor is reduced [8, 20-21]. A set of works is devoted to
an accurate analysis of SIF values for cracks located in the vicinity of cold expanded holes [22—24]. These data are essential
for more realistic predictions of fatigue crack growth rates through the use of various models that are based on linear fracture
mechanics and superposition principal [25-27]. The main problem of such an approach resides in the fact that the
superposition principle may be erroneous when partial crack closure on the crack surfaces occurs. Thus, specific
methodology has to be adopted to estimate the stress intensity factor as a result of the residual stress field influence.
Moreover, the residual stress change due to fatigue loading should be taken into account.
One of the most typical approaches to an investigation of fatigue crack growth rates for cracks emanating from cold
expanded holes is presented in [28]. The obtained experimental information is used for numerical simulation of residual
stresses caused by elastic-plastic deformation of the hole. Experimental and numerical values of circumferential residual
stress component averaged through the thickness are well matched. Three-dimensional finite element calculations of the
SIF around a circular crack at the edge of a plain hole and a cold-expanded hole have been made. The dependencies of SIF
at the mandrel entrance face vs. applied load for different corner crack lengths are obtained. Fatigue crack growth rates have
been measured for cracks growing from plain holes and cold expanded holes. Comparison of measured fatigue crack growth
rate of corner cracks with finite element predictions for different surface cracks lengths up to crack of 5 mm length is
presented. Comparison of the finite element simulation and experimental measurement of “crack growth rate vs. crack
length” showed an expected good agreement for the case of a plain hole with stress ratio R = 0.7. For a plain hole with R
= 0.1, the finite element simulation over-predicted the crack growth rate. For cold expanded holes, the agreement between
simulation and measurement was only reasonable. Crack growth rate predictions are very sensitive to the calculation of
stress intensity factor range. Such a calculation relies on a sufficiently accurate model of the material behaviour and a
simulation of the cold expansion process, which is difficult to achieve.
Powerful approach to quantify the influence of cold-worked process on fatigue by numerical and experimental tests is
proposed in [29]. The residual stress intensity factor for a crack emanating from cold-expanded hole is achieved through
the use of weight function method [22]. The effective SIF vs. the crack length profiles are obtained for different expansion
levels and for a plain hole. The crack propagation is evaluated with good approximation by finite-element method using a
model in which compressive residual stress acts to reduce the crack opening SIF. The crack length curves as a function of
the number of cycles for different maximum external loads (R = 0.1) are constructed.
Experimental investigations of crack growth process are of importance to create reliable methods inherent in fatigue life
evaluation of cold-expanded holes. A remarkable example of such a study of very high methodological and technical level
is presented in [30]. Non-contact full-field strain measurements by combined using digital image correlation (DIC) and
thermoelastic stress analysis (TSA) were used to compare the strains during crack growth around plain and cold-expanded
holes. These two systems provide the measurements of simultaneous mandrel entry (DIC) and exit (TSA) surface strains
surrounding a crack initiating from a cold-expanded hole. Crack opening displacements, evaluated from the strain data
obtained from DIC, are substantially reduced by the residual compressive stresses from cold expansion, while the overall
fatigue data show the life improvement achieved at various applied stress levels. The most important outcome consists of
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dependencies between crack opening displacements and fatigue crack length constructed for crack lengths of 1, 2 and 3.7
mm for coupons with plain and cold-expanded holes.

Very interesting and powerful experimental approach aimed to describing residual stress evolution due to cyclic loading by
the crack compliance (slitting) method is presented in Ref. [31]. Residual stress measurements were made in aluminium
7075-T651 plates with cold expanded holes. Residual stresses are represented by symmetric Legendre polynomials on
opposite sides of the hole and compliance functions found by finite element analysis. Measured residual stresses were smaller
than predicted by finite element analysis. Residual stress relaxation caused by cyclic loading was not observed even though
two short cracks were formed between 45,000 and 50,000 cycles in the specimen cycled at o, = 205 MPa and R = 0.1.
The yield stress and ultimate tensile strength of 7075-T651 aluminium alloy were 541 and 568 MPa, respectively. The loading
cycles parameters are the following. Stress ratio is R =0.1, maximum applied stress is o,,,, = 165.5, 185.5 and 205 MPa

that corresponds to 0.31, 0.34 and 0.38 of o,.

Above-presented review of published papers exhibits a wide spectrum of theoretical, numerical and experimental
investigations of residual stresses near cold expanded holes, and how these stresses influence on fatigue life. It is established
that residual stress variations must be taken into account in any potential model used for the prediction of fatigue life of
cold-expanded holes. This fact reveals the main problem inherent in reliable and accurate numerical estimations of SIF
values for cracks propagating in residual stress field caused be cold expansion of holes. Many works show that crack growth
rate predictions are very sensitive to the calculation of the stress intensity factor range.

Thus, following by Prime’s opinion, we can say that «Knowledge of residual stresses is crucial both for correct interpretation
of laboratory fatigue crack growth experiments and for prediction of service failures. To be more specific, the resulting SIF
is often of greater interest than the residual stresses themselves, because it appears directly in the fatigue crack growth and
fracture relations» [32]. The last sentence is precisely true for a crack propagating from a cold-expanded hole in residual
stress field.

There is the single approach to experimental determination of fracture mechanics parameters for cracks in residual stress
field without preliminary determination of residual stress values. This technique, called as crack compliance method (CCM),
is based on relaxation of the stress field by introducing a narrow notch of progressively increasing length. CCM employs
measurement of the deformation response to a small crack length increment without changing external loading conditions.
Schindler et al. developed the CCM version, which used fracture mechanics relations [33-34]. Only Schindlet’s method
delivers the SIF as a function of crack length directly from the measured strains without first solving for the residual stresses.
Published works do not include experimental data, which quantitatively describe an evolution of fracture mechanics
parameters for cracks emanating from cold-expanded holes under cyclic loading. The most powerful way to solve this
problem resides in experimental constructing of CMOD, SIF and T-stress curves as a function of number of cycles. A
modified version of the crack compliance method is precisely the technique, which is capable of quantitative describing an
evolution of fracture mechanics parameters for cracks under combined influence of residual stresses and applied cyclic
stresses [35-30].

The present paper deals with determination of CMOD, SIF and T-stress values for cracks of different lengths emanating
from centred open cold-expanded holes of 4 mm diameter in rectangular coupons. The expansion level is 5% of nominal
interference. The results are obtained for two loading programs with the same stress range Ao = 350 MPa but different
stress ratio R = —0.4 and R = —1.0. A sequence of narrow notches is used for crack modelling at different stages of cyclic
loading. These notches ate inserted under the constant external load. The experimental approach employs optical
interferometric measurements of local deformation response to small notch length increment. Initial experimental data
represent in-plane displacement component values measured by electronic speckle-pattern interferometry (ESPI) in the
vicinity of the crack tip. Thus, CMOD values are derived directly. The transition from measured in-plane displacement
components to required SIF and T-stress values follows from the relationships of modified version of the crack compliance
method [33-34]. Dependencies of CMOD, SIF and T-stress values from total crack length are obtained for different stage
of fatigue loading. These data give us CMOD, SIF and T-stress curves for cracks of fixed lengths as a function of the
number of cycles.

EXPERIMENTAL PROCEDURE

Specimens and loading program
xperimental investigations are performed for 2024 aluminium plates measuring 180X30%x5 mm?3, each of which
includes centred open hole of nominal diameter 27, = 4.0 mm (Fig. 1). Whole set of specimens includes 16 units.
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All coupons are manufactured from a single material bar by the same technology. Absence of residual stresses in all
specimens is established by combining the hole drilling method and ESPI measurements of hole diameter increments in
principal stress directions. Mechanical properties (elasticity modulus E = 74,000 MPa, yield stress o = 330 MPa and

Poisson’s ratio p. = 0.33) are measured by means of tensile tests.

Specimens are intended to be tested with cold-expanded holes. A tapered, cylindrical mandrel for the cold-worked process
is adopted. The mandrel taper is 1:25 permitting a quite gradual application of loading pressure. Before forcing the hole, the
mandrel external surface and internal hole surface are oiled to reduce the friction between the contact surfaces. The forcing
load has been applied by using a testing machine with a speed equal to 1 mm/min. A split sleeve is not introduced because
of a small plain hole diameter. The expansion level is 5% of nominal interference, defined as the ratio of the interference
value to the hole radius. Optical measurements show increasing expanded hole diameter by 0.1 mm comparing with the
plain hole diameter. The results of research [10], obtained by finite element simulation, evidence that the degree of

interference from 4% to 6% leads to the arising circumferential residual stress o,,, = — (250+-300) MPa at the expanded hole

boundary. The exact value of &, depends on the yield stress of aluminium alloy.

It is shown in many works that the residual stresses in the inlet surface are always lower than those measured in the outlet
surface. This means that fatigue crack always originates from the hole edge corresponding to the inlet face where the lower
compression residual stresses are arisen due to cold expansion. That is why optical interferometric measurements of the
local deformation response to small notch length increment are performed in the mandrel entrance (inlet) surface of all
specimens. Specimens are divided by two groups. The first of them, denoted as T5-H1, includes 8 specimens. The results
are obtained at different stages of low-cycle fatigue with stress range Ao = 350 MPa and stress ratio R = —0.4. Maximum
remote tensile stress for this loading program is equal to 0, = 250 MPa that corresponds to 0.76 of yield stress o, = 330

MPa. Eight specimens from the second group (T5-H2) are tested at different stages of fatigue loading program with the

parameters Ao = 350 MPa, R = —1.0. The cycle parameters expressed in the terms of maximum tensile and minimum
compressive stress are equal to o, = —0,,, = 175 MPa. The value of o, = 175 MPa corresponds to 0.53 of yield stress
o, = 330 MPa.

To perform measurement procedure, specimens of both types are subjected to uniform uniaxial tension by electro-
mechanical testing machine. All experimentally obtained parameters correspond to constant remote tension o = 80.0 MPa.
A choice of remote stress level is based on the following considerations. The most important initial experimental
information is presented as crack opening displacements. Experimental design is arranged so to obtain a suitable fringe
density in terms of » displacement component for each from three crack length increments used. This means that a number
of fringes for the first crack length should be relatively low. Then a fringe density subsequently increases for the second and
the third crack length (see Fig. 1). In most of cases a fringe number is optimal for reliable quantitative interpretation for the
second crack length. The third crack length displays the upper limit of fringe pattern resolution. Drawing of each specimen
with loading conditions, co-ordinate system and notation used for in-plane displacement components are shown in Fig. 1.
A sequence of narrow notches is used for crack modelling at different stages of fatigue loading. Step-by-step procedure of
crack length increasing is performed by narrow jewellery saw of width Ay = 0.2 mm. The original points of each symmetrical
notch are located at the intersection of the hole boundary and the short symmetry axis of the specimen as it is shown in Fig.
1. The experimental approach employs optical interferometric measurements of the local deformation response to small
notch length increment. Initial experimental data represent in-plane displacement component # and » measured by electronic
speckle-pattern interferometry in the vicinity of the crack tip. Thus, CMOD values are derived directly. The transition from
measured in-plane displacement components to required SIF and T-stress values follows from the relationships of modified
version of the crack compliance method [35-30].

The first specimen, which is common for both groups, is tested before fatigue loading. Other specimens are subjected to
fatigue loading according to the above-mentioned programs. An electro-mechanical testing machine walter + bai ag, Type
LEM-Z 200, with loading range 0-200 kN is used for fatigue loading. The number of loading cycles for each investigated
specimen is listed in Tab. 1 and Tab. 2 for specimens of T5-H1 and T5-H2 group, respectively. Two specimens setve for
lifetime estimation. Fracture of specimens is occurred after Ny, = 6300 cycles for specimen T5_H1 and N, = 15800

cycles for specimen T5-H2. Each specific cycle number from Tab. 1 and Tab. 2 indicates the stage of fatigue loading, at
which CMOD, SIF and T-stress values are derived for cracks of different lengths from initial experimental data. Three
consecutive notches after fatigue loading of specimens are inserted under the constant external load. An electro-mechanical
testing machine walter + bai ag, Type LFM-L 25, with loading range 0—25 kN serves for applying remote tensile stress
during the measurement procedure.
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Specimen T5_20H T5_13H T5_16H T5_12H T5_18H T5_19H T5_17H T5_HI1
Number of
0 1000 2000 3000 4000 5000 6000 6300
cycles, N
Lifetime, % 0 16 32 48 63 79 95 100
Table 1: Nomenclature of T5-H1 specimens and fatigue loading program.

Speci T5_20  T5_21 T5_22 T5_23 T5.24  T5_25 T5_26 T5_27 T5 H2
e H H H H H H H H -
Number of 0 1000 2000 3000 6000 9000 12000 15000 15800

cycles, N
Lifetime, % 0 6 13 19 38 57 76 95 100

Table 2: Nomenclature of T5-H2 specimens and fatigue loading program.
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Figure 1: Scheme of consecutive notches at each measurement step and corresponding interference fringe patterns.

The details of the experimental procedure are presented in Ref. [36]. In short, the scheme of the experiment involved,
conventionally shown in Fig. 1, resides in the following. Constant tensile load Pis applied to the specimen. The first exposure
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is made for the notch of current length «,_, (n = 1, 2, 3). After that, the notch length is increased by a small increment and
the second exposure is made for the notch of final length. Constancy of acting force during the process of notch length
increase lies in the interval P-0.01P with a warranty. Initial experimental information for each measurement step has a form
of two interference fringe patterns related to in-plane displacement components # and » as it shown in Fig. 1. Presented
interferograms are obtained for specimen T5_13H after applying N = 1000 cycles.

Initial experimental information

Initial experimental information has the form of interference fringe patterns, which describe the distributions of both in-
plane displacement components near the crack tip. These interferograms correspond to increasing the length of the central
symmetrical crack of mode I in thin rectangular plate under constant tensile load. The total crack length consists of three
prolongation increments. Typical interference fringe patterns obtained for different notch length increments in specimens

of T5-H1 and T5-H2 group are shown in Figs. 1, 2, and 3, 4, respectively. High quality of presented interferograms is quite
evident.

Figure 2: Specimen T5_18H. Interference fringe patterns obtained in terms of in-plane displacement component # (a, b) and » (c, d); a,

¢ — initial crack length 4 = 0 with the increment Ag; = 1.97 mm (left) and Aa; = 2.18 mm (right); b, d — initial crack length 4 =

1.97 with the increment Aa; = 1.87 mm (left) and initial crack length 4" = 2.18 mm with the increment Aay = 1.70 mm (right).

308



p
4
y Yu. G. Matvienko et alii, Frattura ed Integrita Strutturale, 47 (2019) 303-320; DOI: 10.3221/I1GF-ESIS.47.23

Figure 3: Specimen T5_21H. Interference fringe patterns obtained in terms of in-plane displacement component # (a, b) and » (c, d); a,

¢ — initial crack length @ = 0 with the increment Ag; = 2.36 mm (left) and Aa;” = 2.35 mm (right); b, d — initial crack length 4; =2.36

mm with the increment Az; = 1.82 mm (left) and initial crack length 4; = 2.35 mm with the increment Az; = 1.96 mm (right).

Interference fringe patterns of the type shown in Figs. 1-4 are obtained for all specimens accordingly to both loading
programs for three notch length increments. Thus, a total number of interferograms is equal to 2X3X14 = 84 for specimens
of both groups. Symmetrical configuration of fringe patterns in Figs. 1, 2 and 3, 4 with respect to the crack line clearly
demonstrates the validity of mode I conditions. The same configuration takes place for all crack length increments for all
specimens. This means that SIF and T-stress values can be reliably determined from the relationships developed for
modified version of the crack compliance method [36].

RESULTS AND DISCUSSION

choice of loading programs is based on the following. The cycle with parameters Ao = 350 MPa and R = —0.4
gives maximum tensile and minimum compressive remote stress o, = 250 MPa and o, = —100 MPa,
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respectively. Maximum circumferential strain at the hole edge equals to &, = 0.01 for o, = 250 MPa. This loading
range for this aluminium alloy leads to arising high-level plastic strains at the hole vicinity during several first cycles and
further material hardening for specimens with small plain hole due to stress concentration influence [37]. The value of
theoretical stress concentration factor for central open hole of diameter 27, = 4.0 mm in rectangular plate of width » = 30
mm is equal to K, = 3.06 [38]. This fact might lead to a considerable residual stress and, in turn, fracture mechanics

parameters redistribution for specimens of T5-H1 group due to low-cycle fatigue. The cycle with parameters Ao = 350
MPa and R = —1.0 represents the lower limit of stress ratio values, which might take place during operations of airplane
structures with pin or/and rivet joints.

Figure 4: Specimen T5_25H. Interference fringe patterns obtained in terms of in-plane displacement component # (a, b) and » (c, d); a,

¢ — initial crack length a, = 0 with the increment Aa] = 2.62 mm (left) and Aa; = 2.48 mm (right); b, d — initial crack length a; =2.62

mm with the increment Aa, = 1.82 mm (left) and initial crack length @ = 2.48 mm with the increment Az = 2.10 mm (right).
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Fracture mechanics parameters versus crack length

The whole set of the interference fringe patterns is the source of initial experimental data, which represent in-plane
displacement components measured by electronic speckle-pattern interferometry in the vicinity of the crack tip. Availability
of high-quality interference fringe patterns, which are free from rigid-body motion, serves as a reliable indicator of the real
stress state near the crack tip. Some of these interferograms are presented in Figs. 1-4. Absolute values of in-plane
displacement components # and » ate determined in two specific points located at the crack borders immediately. The first
point, denoted as n—1, lies in the beginning of each crack length increment. The second point n—0.5 is located in the middle

of the crack length increment. Averaged crack mouth opening displacement (CMOD A#7,_,,n = 1, 2, 3) together with crack

n=1»

opening displacement related to half of the crack length (COD A#,_ . ) are obtained for symmetrically centred cracks in all

n=0.5
specimens of both types. These data are essential for the transition from the initial experimental data to the required SIF (
I%f ,n=1,2,3)and T-stress (f” ,n =1, 2) values by using the relationships of the modified version of the crack compliance

method developed in [36]. Dependencies of CMOD, SIF and T-stress values from total crack length in specimens of both
groups, constructed for different loading cycles, are shown in Figs. 5, 6 and 7, respectively.

Number or cycle, N¢ Number of cycle, N¢
—@-N=0  —&N=1000 —@-N=2000 -A—N=3000 ——N=0 —®-N=1000 —8-N=2000 —A&—N=3000
—0—N=4000 —6-N=5000 —A—N=6000 —0—N=6000 —©—N=0000 —A—N=12000 —=—N=15000
20
15
10
s =
TOT T
iy Ny
< <
0 : f t f
-5 Sor
-10 -10
0 1 2 3 4 5 0 1 2 3 4 5
a, mm a, mm
a b

Figure 5: CMOD values as a function of total crack length for specimens of T5-H1 (a) and T5-H2 (b) group.

T-stress dependencies along the crack length shown in Fig. 7 are presented as straight lines. This is because of three crack
length increments (Aa,,Aa, and Aay) enable Tl and fz can be only derived from experimental data [36]. Relative
arrangement of these straight lines is of importance for further analysis.

Graphical information in Figs. 5a and 6a reveals indicators, which can be used for fatigue life assessment. Indeed, CMOD
values A7, related to the first crack length are equal to zero for IN = 5000 and N = 6000 cycles (Fig. 5a). The second
crack length demonstrates negative CMOD values A7, for N = 5000 and N = 6000 cycles. Positive SIF value 1%12 for N
= 5000 cycles is less than positive SIF values at the other stages of fatigue loading (Fig. 6a). It is safe to assume that previous
measurement point N = 4000 cycles corresponds to reaching 63% of lifetime. This fact will be confirmed later in the next
section. Negative SIF value for IN = 6000 cycles is related to 95% of lifetime. Note that no surface cracks were observed
after applying N = 4000, 5000 and 6000 cycles. Fig. 5b demonstrates that CMOD values for cracks of 4, length, denoted

as A7, obtained for IN = 3000, 6000, 9000 and 12000 cycles are practically the same. But, graphical information in Fig. 6b

shows that SIF value K; for N = 9000 cycles is more than SIF values for the second crack lengths 4, at the other stages
of fatigue loading. This indicator corresponds to reaching 57% of lifetime.
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Figure 6: SIF values as a function of total crack length for specimens of T5-H1 (a) and T5-H2 (b) group.

. o RS ’:VC . Number of cycle, N¢
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-150 -200
2 3 4 5 2 3 4 5
a, mm a, mm
a b

Figure 7: T-stress values as a function of total crack length for specimens of T5-H1 (a) and T5-H2 (b) group.

Fracture mechanics parameters versus loading cycle number

To quantify the influence of stress ratio R on fatigue life of cold expanded holes, the fracture mechanics parameters for
cracks of the fixed length should be plotted against of the loading cycle number. The average values of CMOD, SIF and T-
stress, presented in Tab. 3 and Tab. 4 for specimens of T5-H1 and T5-H2 type, respectively, are used to reach this purpose.
Experimentally obtained values correspond to remote tensile stress o= 80 MPa for specimens of both groups.
Dependencies of CMOD, SIF and T-stress values against of the loading cycle number for cracks of the fixed length are
shown in Figs. 8-10. The loading cycle number in these figures is presented as a lifetime percentage.
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Specimen’s T5.20H T5_13H  T5_16H T5_12H  T5_18H T5_19H T5_17H
notation

Loading cycle
0 1000 2000 3000 4000 5000 6000
number N,

Lifetime, % 0 16 32 48 63 79 95
4,,mm 2.30 2.04 2.14 2.23 2.15 2.21 2.05
,,mm 4.36 4.09 4.0 4.02 4.08 4.0 4.00
G,,mm 6.27 5.76 5.89 5.77 5.81 5.63 5.94
Az, um -9.69 -2.95 —5.23 -3.99 ~5.32 0 0
Ady,pm 7.41 4.94 3.23 4.37 4.85 -2.66 -3.61
A#,,pm 16.53 13.97 1473 15.01 14.30 9.88 9.31

K}, MPax+/m 2.6 2.4 —4.8 -2.9 -3.0 0 0
K}, MPaxm 8.85 5.3 5.1 6.45 6.7 1.7 -13
K}, MPax+/m 16.05 11.8 12.4 12.3 12,5 9.0 9.9
T' MPa —58.7 —4.0 15.8 6.3 ~10.8 ~14.6 ~14.3
T2 MPa ~141.8 ~136.9 -955 ~142.1 ~121.6 —96.5 —65.3
Table 3: Nomenclature of T5-H1 specimens and the cycle number.
Specimen’s T5.21H  T522H T523H T524H T525H T526H T5_27H
notation
Loading cycle
1000 2000 3000 6000 9000 12000 15000

number N

Lifetime, % 0.063 0.13 0.19 0.38 0.57 0.76 0.95
G,,mm 2.36 2.35 2.56 2.52 2.55 2.62 2.44
i,,mm 4.25 4.20 475 459 455 4.86 6.60
,,mm 6.16 6.24 6.66 6.61 6.38 6.39 8.39
A7y, um 0 0 0 0 0 0 0
A7, um 6.2 7.13 10.74 10.17 10.64 10.93 4.66
AF,,um 15.9 16.72 18.05 18.43 18.61 15.87 18.62

K}, MPax~/m 0 0 0 0 0 0 0

K}, MPaxm 7.5 8.1 10.1 8.9 114 10.3 34

K}, MPax~/m 12,6 14.4 15.6 14.7 18.2 15.6 18.8

T' MPa —28.9 —34.2 -38.2 ~39.2 —479 —45.6 -31.6
T2, MPa ~129.6 —124.7 ~162.3 ~138.0 ~1675 ~197.2 ~104.0

Table 4: Nomenclature of T5-H2 specimens and the cycle number.
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Figure 8: Experimental CMOD values A% (a), AD; (b) and AT, (c) for cracks of d;, G, and d3 length as a function of lifetime percentage
for specimens of T5-H1 and T5-H2 group.

Figs. 8 and 9 demonstrate the effect of stress ratio R on the redistribution of CMOD and SIF as the result of low-cycle
fatigue with the same stress range. Comparative analysis of these distributions indicates a considerable difference in the
CMOD and SIF values for all crack lengths. As expected, CMOD and SIF values for T5-H1 specimens are much below
these values for T5-H2 specimens. The point is that increasing CMOD and SIF values for a narrow notch inserted under
constant tensile loading means decreasing a rate of real damage accumulation process inherent in cyclic loading.
Experimental SIF vs. the fatigue cycle number curves for T5-H1 specimens exhibit 63% lifetime indicator as a point of SIF
fall beginning for IN;;; = 4000 cycles. This point is reliably detected as it is shown by vertical black line in Fig. 9a. The same
situation takes place for specimens of T5-H2 group. The point of SIF fall beginning in Fig. 9b means reaching 57% of
lifetime for N, = 9000 cycles as it is shown by vertical red line in Fig. 9a. It is of importance for further investigations
that reliable lifetime indicators are practically the same for specimens of both groups. This fact means that 60% lifetime
indicator does not depend on a value of stress ratio R. The fracture occurred after N, = 6300 cycles and Np, = 15800
cycles for specimens of T5-H1 and T5-H1 group, respectively. Thus, the life extension parameter is equal to
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R = N% = 2.51. It is necessary to note that a ratio between 60% lifetime indicators for specimens of different
F1

groups has very close value, namely, £, = NH%\T =2.25.
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Figure 9: Experimental SIF values 1211 (a), 1%12 (b) and 1213 (c) for cracks of @, a, and a, length as a function of lifetime percentage

for specimens of T5-H1 and T5-H2 group.

CMOD values for the first crack length are connected with circumferential compressive stresses caused by cold hole
expansion. Comparing CMOD distributions in Fig. 8a reveals residual stress relaxation for specimens of T5-H1 group. But
there is no residual stress redistribution for N > 1000 cycles for T5-H2 specimens.

Fig. 10 concentrates on the effect of low-cycle fatigue on T-stress redistribution. The value of T'is the stress acting parallel
to the crack plane in the direction of crack extension with a magnitude proportional to the applied nominal stress. The non-
singular term T represents a tension or compression stress. Positive T-stress strengthens the level of crack tip stress triaxility
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and leads to high crack tip constraint, while negative T-stress leads to the lost of constraint. Fig. 10a evidences that for
specimens of T5-H2 group (R= —1) cracks of 4, length have lower crack-tip constraint compared with constraint for
specimens of T5-H1 group (R= —0.4). Comparing T-stress values related to T5-H1 and T5-H2 specimens obtained for the
second crack length @, demonstrates the opposite trend. Namely, negative T-stress values for T5-H1 group lie significantly

below analogous data for T5-H2 specimens. These facts show that two-parameter fracture mechanics criteria are of great
importance for cracks propagating under combined influence of external and residual stresses.

-a-T5-H2 8-T5-H1 —&-T5-H2 8-T5-H1
20 -60 )
10 -80
e e : | 100
D.’?
é-c | S -120
E i —— - ~
= & 140
-160
-180
-200
40 60 80 100 0 20 40 60 80 100
Lifetime, % Lifetime, %
a b

Figure 10: Experimental T-stress values T (a) and T (b) for cracks of @, and @, length as a function of lifetime percentage for

specimens of T5-H1 and T5-H2 group.

Damage accumnlation process

Above-presented data describe an evolution of fracture mechanics parameters for specimens of two groups, which are
loaded with the same stress range Ao = 350 MPa, but with different stress ratio R = —0.4 (T5-H1 group) and R = -1.0
(T5-H2 group). These experimental results are obtained for the same remote constant stress & = 80 MPa that corresponds

to 24% of material yield stress o, = 330 MPa. Maximum cyclic stresses are equal to 0,,,, = 250 MPaand o,,,, = 175

MPa that corresponds to 76% and 53% of yield stress for T5-H1 and T5-H2 group, respectively. Owing to this, maximum
elastic-plastic circumferential strains at the hole vicinity caused by a stress concentration influence under external tensile
load in specimens of T5-H1 group are much more than analogous strains in specimens of T5-H2 group. Stain concentration
effect is valid, especially at initial stages of cyclic loading, despite of an influence of negative circumferential residual stresses
due to cold hole expansion as it follows from Fig. 8a and 9a. This fact could mean that a rate of fatigue damage accumulation
for specimens of T5-H1 group considerably exceeds analogous parameter for specimens of T5-H2 group. Thus, a correct
comparison of fracture mechanics parameters, which are obtained in the case of the same stress range but different stress
ratio, should be provided by a normalization of obtained experimental data. The most evident way resides in normalizing
all data obtained for specimens of T5-H2 type by a coefficient that is equal to the life extension parameter

Np _
Koy = CT%\TCH =251

Distributions of normalized CMOD and SIF values for T5-H2 specimens over lifetime period are presented in Figs. 11 and
12. These figures also include CMOD and SIF values for T5-H1 specimens. A comparison of normalized SIF plots is of
prime interest. The point is that these dependencies reflect the change in a process of fatigue damage accumulation as a
result of stress ratio changing. To put it differently, normalized SIF distributions quantitatively describes how a decrease in
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negative value of cycle asymmetry ratio slows down fatigue damage accumulation process for loading programs with the

same stress range.

—&-T5-H2 8-T5-H1

ATy, pm

40 60 80

Lifetime, %
a

o
[\
(=]

Figure 11: Normalized CMOD values AV, (a) and AV

specimens of T5-H1 and T5-H2 group.
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Figure 12: Normalized SIF values K ,2 (a) and K ,3 (b) for cracks of @, and @, length as a function of lifetime percentage for specimens

of T5-H1 and T5-H2 group.

The key point of the approach developed consists of the fact that specimens with cold-expanded holes are tested under real
operation conditions without inserting initial notch to ensure fatigue crack growth. Deformation response to small notch
length increment, made under constant external load, serves as an indicator of damage accumulation at different stages of
fatigue loading. Thus, the first benefit of the crack compliance technique resides in a posteriori character of the experimental
procedure. This means that crack length measurements and further determination of fracture mechanics parameters are
performed after fatigue loading with a high degree of accuracy [36]. The second advantage is a capability of study of fatigue
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loading with negative stress ration despite of traditional approaches that operates with positive stress ratio values [2, 26, 29—
31, 39].

The third remarkable capability resides in quantitative determination of fracture mechanics parameters for cracks of different
lengths at different stages of cyclic loading under combined influence of remote and residual stresses. These data provide
the construction of the dependencies of the fracture mechanics parameters for cracks of fixed lengths against of the loading
cycle number, which reveal a process of fatigue damage accumulation. Fracture mechanics parameters can be obtained for
both the mandrel entry face and the mandrel exit face as well as for different stress range and stress ratio. Experimental
information, if necessary, might be supplemented by data obtained for different remote stress levels to reveal a possible
influence of non-linear effects.

CONCLUSIONS

by cold expansion of holes has been analysed. To estimate the crack mouth opening displacement (CMOD), the

stress intensity factor (SIF) and the T-stress during narrow notch increment, modelling a crack emanating from
cold-expanded holes under constant external load, localized displacement measurements by electronic speckle-pattern
interferometry are employed. Initial experimental data represent in-plane displacement component values measured in the
vicinity of the crack tip. The transition from in-plane displacement components to SIF and T-stress values follows from the
relationships of modified version of the crack compliance method. In general case, the preliminary low-cycle fatigue,
namely, stress range and stress ratio, as well as crack length has strong effect on fracture mechanics parameters. The crack
length curves of CMOD, SIF and T-stress profiles are obtained for cracks emanating from cold-expanded holes in plane
specimens at different stages of cyclic loading with parameters Ao = 350 MPa, R = —0.4 and Ao = 350 MPa, R = -1.0.
These data provide the construction of the dependencies of the fracture mechanics parameters for cracks of fixed lengths
against the loading cycle number, which reveal a process of fatigue damage accumulation. Information is obtained in the
mandrel inlet face. The results demonstrate considerable increase of fatigue damage accumulation process when 60% of the
lifetime is reached. It is also shown that 60% lifetime indicator does not depend on the value of stress ratio R.

T he effect of low-cycle fatigue on evolution of fracture mechanics parameters for cracks in residual stress field caused
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