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ABSTRACT. Modified version of the crack compliance method is used for
determination of stress intensity factor (SIF) related to narrow notches

emanating from cold-expanded holes. These notches are inserted at different
stages of low-cycle fatigue under constant external load. It is shown how
residual SIF values, generated by residual stress field influence, can be
separated from total experimental SIF values. Residual SIF values, obtained at
different stage of low-cycle fatigue with the same stress range Ac = 350 MPa
but different stress R =—0.4 and R = —1.0, provide quantitative description
of residual stress evolution near cold-expanded hole. It shown that maximal
residual stress relaxation of order 20 per cent occurs at 95 lifetime per cent
for both loading programs.
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INTRODUCTION

can be implemented to obtain notch mouth opening displacement INMOD), stress intensity factor (SIF) and T-stress

values for narrow notches of different length emanating from cold-expanded holes [1]. A sequence of these notches,
inserted under the constant external load, setves for crack modelling at different stages of low-cycle fatigue. The approach
developed has been effectively implemented for quantitative description of low-cycle damage accumulation at the vicinity
of through hole in plane rectangular specimens [2]. Obtained experimental information might be very useful for verification
of various numerical and theoretical methods of fatigue damage quantifying [3—4]. Another application of created
methodology, that is the subject of present papet, resides in investigation of residual stress evolution near cold-expanded
hole caused by cyclic loading.
Advanced aircraft structures include vatious metal-composite bolted joints [5]. Cold-expanded holes are the essential
component of such structural elements. Cold expansion, widely used in aircraft industry, eventually leads to enhance the
fatigue life of structures with fastener holes [6]. The cold working introduces a zone of compressive residual stresses around

I t has earlier been shown how localized displacement measurements, based on electronic speckle-pattern interferometry,
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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 SIF thus decreasing fatigue crack growth [7].

Residual stresses have a beneficial effect on lifetime of pin/tivet joints with cold-expanded holes. Thus, information related
to initial residual stress level as well as residual stress evolution is of decisive importance for reliable lifetime estimation. A
set of both numerical and experimental methods has been developed and realized to consider the first from above problems
[8—17]. But only few experimental works concern an evolution of deformation parameters and residual stresses [18-20].
One of them employs non-contact full-field strain measurements using both digital image correlation (DIC) and thermo-
elastic stress analysis (TSA) [18]. Derived data serve to compare the strains during crack growth around holes that had and
had not been cold-expanded by 4%. The objects of investigation were rectangular coupons made from 2024-T3 aluminum
alloy, half had simple open, unexpanded holes and half had cold-expanded open holes. A DIC system was used to monitor
the mandrel entry face of the coupon while a TSA system was used to monitor the mandrel exit face of the coupon during

cyclic tensile loading by three programs (2024-T3, yield limit o, = 310 MPa; stress ratio R = 0.1; stress range Ao = 184.8,

192.5 and 217.8 MPa). These two systems provide the measurements of simultaneous mandrel entry and exit surface strains
surrounding a crack initiating from a plain and cold-expanded hole. Cracks originating from the unexpanded hole exhibit a
strain field around the crack tip which is characteristic of a mode I fatigue crack while those emanating from the cold-
expanded holes show a significantly lower distribution of strains around the crack tip. 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 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. But these data are of difficult use to
predict residual stress evolution.

Experimental approach aimed to describing residual stress evolution due to cyclic loading by the crack compliance (slitting)
method is presented in work [19]. Residual stress measurements were made in aluminum 7075-T651 plates with cold-

expanded holes. The yield limit o, and ultimate tensile strengths of 7075-T651 aluminum alloy were 541 and 568 MPa,

respectively. The loading cycles parameters are: R=0.1; Ac = 182.1, 204.1 and 225.5 MPa. Residual stresses were
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 Ao = 205 MPa for R = 0.1. The main drawback resides in the fact that that the initial point of a cut
sequence, which is used for residual stress evaluation, is located at the external edge of the specimen, but not at the hole
edge.

The technique, which employs the secondary hole drilling and further measurements of hole diameter increments in
principal stress directions by electronic speckle-pattern interferometry (ESPI), has been implemented to quantify residual
strain evolution caused by low-cycle fatigue [20]. The cycles parameters are: R= —0.4; Ac = 350 MPa. It was shown that
residual strain evolution cannot be characterized as monotonic relaxation.

Present paper has common features with all three above-mentioned works. The first of them resides in implementing full-
field measurement techniques as in works [18, 20]. The crack compliance method is the base of this paper and work [19].
The first distinctive point of the approach involved in present paper consists of combining the crack combining method
and ESPI displacement measurement along narrow notch border. Notch emanation from the hole edge is the second trait.
The third feature resides in consideration of two low-cycle fatigue programs with negative stress ratio. Deriving new
information, which is related to residual stress redistribution near cold-expanded holes in plane rectangular specimens under
low-cycle fatigue with different cycle parameters, is the main goal of this paper. Further investigations will be directed toward
a study of residual stress evolution in composite fragments of metal-composite joints.

EXPERIMENTAL PROCEDURE

Specimens and loading program
luminium coupons of dimensions 180x30X5 mm, each of which includes centred open hole of nominal diameter
A 27, = 4.0 mm (Fig. 1) are the objects of present study. Whole set of specimens consists of 16 units. All coupons
are manufactured from a single material bar by the same technology. Absence of residual stresses in all specimens
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follows from data of probe hole drilling and further optical interferometric measurements of deformation response to local
matetial removing [21]. Mechanical properties (elasticity modulus E = 74,000 MPa, yield stress o, = 330 MPa and

Poisson’s ratio  u = 0.33) are obtained proceeding from standard tensile tests.
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Figure 1: Drawing of specimens of T5H type. (a) scheme, (b) 3D view, (c) cyclic loading of cold-expanded hole.

All specimens have been tested after cold hole expansion. The technology of the involved procedure is described in work
[1]. The expansion level is 5% of nominal interference, defined as the ratio of the interference value to the hole radius. The
results of research [11], obtained by finite element simulation, evidence that the degree of interference from 4% to 6% leads

to the arising circumferential residual stress ™ = — (250+300) MPa near expanded hole boundary. The exact value of

o depends on the yield stress of aluminium alloy. Optical interferometric measurements of the local deformation
response to 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. Required SIF values 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 &, = 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
= 175 MPa. The value of &, = 175 MPa corresponds to 0.53 of yield stress

0, = 330 MPa. Static strength of coupons with cold-expanded holes was not estimated because of limited number of

specimens.

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. Details of
experimental procedure are described in works [1, 22]. 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 LFM-Z 200, with load 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-

compressive stress are equalto o, = — O

max: min

H2 group, respectively. Two specimens serve for lifetime estimation. Fracture of specimens is occurred after N, = 6300
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cycles for specimen T5_H1 and N, = 15800 cycles for specimen T5-H2. Each specific cycle number from Tab. 1 and 2
indicates the stage of fatigue loading, at which SIF 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 that
corresponds to remote stress 6 = 80 MPa. An electro-mechanical testing machine walter + bai ag, Type LEM-L 25, with
loading range 0-25 kN serves for applying remote tensile stress during the measurement procedure.

Specimen T5.20H T5.13H T5.16H T5_12H T5 18H TS5 19H TS5 17H T5_HI
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.

T5.20 T5_21 T5.22  T523 T5.24 T5.25 T5_26  T5.27

Specimen T It T T T It O T T5_H2
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.

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. Interference fringe patterns obtained for different notch length increments in specimen T5-20H
and T5-16H are shown in Fig. 2 and 3, respectively. Demonstrated high quality of interferograms in Fig. 2 and 3 is inherent
in all fringe patterns obtained at all investigated stages of low-cycle fatigue (see Tab. 1 and 2).

Symmetrical configuration of fringe patterns in Fig. 2 and 3 with respect to the crack line clearly demonstrates the validity
of mode I conditions. The same takes place for all crack length increments considered for all specimens. This means that
SIF values can be reliably derived from the trelationships developed for modified version of the crack compliance method
[22]. These formulae are based on principals of linear fracture mechanics. But there is one important problem to be
considered. It resides in a question how material plastic deformation inherent in the neatest vicinity of cold-expanded hole
influences on a crack modelling by narrow notches. Cold expansion induces a zone of residual compressive stress around
and through a hole, typically extending at least one radius around hole in the radial direction. The problem of implementing
linear fracture mechanics formulae to SIF determination near cold-expanded holes is a question of further discussion.

. s . s : _ & 1 i

Figure 2: Interference fringe patterns obtained in terms of in-plane displacement component » for specimen T5_20H.
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a — initial crack length a, = 0 with the increment Az, = 2.28 mm (left) and Ae; = 2.31 mm (right); b — initial crack length
a, = 2.28 mm with the increment Az, = 1.96 mm (left) and initial crack length a; = 2.31 mm with the increment Az, =2.17 mm
(tight); ¢ — initial crack length 2, = 2.28 mm with the increment Az; = 1.79 mm (left) and initial crack length a; = 4.24 mm with

the increment Az, = 2.08 mm (right).

Figure 3: Interference fringe patterns obtained in terms of in-plane displacement component » for specimen T5_16H.a — initial crack

length 4, = 0 with the increment Ag; = 2.17 mm (left) and Aa{ = 2.10 mm (right); b — initial crack length o = 2.17 mm with the

increment Az, = 1.89 mm (left) and initial crack length 4" = 2.10 mm with the increment Agy = 1.82 mm (right).

PARAMETERS EXTRACTION

esidual stress evolution analysis, presented in this paper, is based on redistribution of stress intensity factors, which
are obtained at different stages of low-cycle fatigue. These SIF values are related to a sequence of narrow notches,
initial point of which is located at the edge of cold-expanded hole. That is why an accuracy of SIF determination
for notches emanating from hole of diameter 27 = 4 mm should be carefully established. Comprehensive uncertainties

analysis inherent in fracture mechanics parameters determination by a modified version of the crack compliance method is
presented in work [22]. But this analysis concerns quantitative SIF characterization for notches emanating from small hole
of 0.5 mm diameter.

Uncertainty estimation

To reach above-declared goal two specially designed tests have been performed. The first of them is connected with asserting
the measurement errors evaluation for rectangular specimen, denoted as T5_08, with plain hole, geometrical parameters of
which are shown in Fig. 1. The essence of the methodology involved resides in comparison of real interference fringe
patterns and analogous artificial images. This approach is a powerful instrument for fine verification of measurement results
when initial experimental information is presented in the form of interference fringe patterns [20, 21, 23, 24]. Interference
fringe pattern obtained for specimen T5_08 with symmetrical crack for tensile load value P = 7.96 kN are shown in Fig. 4a.
Special attention was paid to make symmetrical crack with left and right branch of equal length.

Simulation of reference fringe patterns involves a high-quality transition model that connects the object geometry in
conjunction with an external load and the required in-plane displacement fields related to the object surface. In our case this
model follows from the relationships of the elasticity theory. Visualization of reference fringe patterns is founded upon the
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basic relations of speckle interferometry [25]. Numerical solution, which corresponds to the difference between stress state
of cracked specimen after notch formation and initial stress state of the specimen with an open plain hole only, is able of
constructing a set of required reference fringe patterns. To reach this goal, a value of external load and width of real cut,
which correspond to measurement conditions, have to be given. Numerical determination of displacement component
fields has to be based on a high-precision finite element solution of two stress concentration problems. In the case involved
the first of them resides in uniaxial tension of rectangular plate of dimensions 180x30X5 mm with central through hole of

diameter 27, = 4.00 mm. The second problem to be considered is uniaxial tension of the same plate with narrow notch of

width A = 0.20 mm and of average length 2, = 2.64 mm. The original point of each symmetrical notch is located at the

intersection of hole boundary and transverse symmetry axis of the specimen as it shown in Fig. 1. Numerical data, describing
the local displacement fields, are obtained by means of corresponding segments of the MSC.Nastran software. The finite
element mesh consists of 101 000 plane shell elements of CQUAD4 type. Then the reference fringe patterns can be
constructed by using the difference of corresponding in-plane displacement components for two above-mentioned elasticity
problems.

b

Figure 4: Real (a) and reference (b) interference fringe patterns obtained in terms of in-plane displacement component » for specimen

'T5_08; initial crack length @, = 0 with the increment Az] = 2.66 mm (left) and As; = 2.62 mm (right).

Stage number, 7 1 2 3
q,=(a, +a})/2, mm 2.64 4.20 6.18
5 Experiment 12.16 13.40 14.43
Ayﬂfl > p'm
FEM 13.68
. Experiment 9.60 10.64 11.78
A7, o5, pm
FEM 10.07
Experiment, K} 6.76 8.95 10.77
SIF value, FEM. KM 670
MPa x~/m T '
Theory, K| 6.73 7.46 8.45

Table 3: Deformation and force fracture mechanics parameters for specimen T5_08.

179



ANV Chernov et alii, Frattura ed Integrita Strutturale, 55 (2021) 174-186; DOI: 10.3221/IGF-ESIS.55.13 s

Artificial interference image related to the first crack length increment is denoted by letters b in Fig. 4. A good coincidence
in a configuration of real interferogram and analogous reference fringe pattern is quite evident. Averaged notch mouth

opening displacement NMOD A7, _, ), notch opening displacement related to half of the crack length NOD A7,_ ) and

SIF (K}) values are used to compare experimentally and numerically obtained fracture mechanics parameters in the case of

symmetrically centred cracks as it is reflected in Tab. 3. This is specially done, because ensuring equal crack length increments
for both tips of symmetrical crack is quite a serious technical problem. But this difficulty is technically avoided for the first

crack length increment Aa;, =Aa; .
Values of NMOD and NOD obtained experimentally and numerically differ by 11% and 4.7%, respectively. The SIF values,
calculated by using the real and artificial interference fringe patterns for the first crack length 4, as a source of initial

information, are equal one to another. This very good result follows from data of Tab. 3. It should be taken into account
that the reference fringe pattern is obtained as the solution of stress concentration problem in terms of in-plane displacement
component # and ». Only the final step employs linear fracture mechanics relationships in the form of Williams infinite
series for each in-plane displacement component. The formula, used for SIF values determination, has the following form
[22]:

N2 E
K; = z {2\/EA0)7—045 - Ayﬂ—1 } > (1)

8\ Aa,

where E is the elasticity modulus of the material; Az, is the crack length increment. The SIF values are obtained by

substituting NMOD and NOD values from Tab. 3 into formula (1). The soutce of the initial information is the real and
reference interference fringe pattern for experimental and numerical SIF values, respectively. Note that SIF determination
through the use of in-plane displacement component is very powerful numerical procedure in the course of finite element
simulation of cracks in plane specimens [26]. Moreover, data thus obtained might be very useful for refining numerical
models, which serves for quantifying the crack tip surface displacements in the zone where the corner point of the crack
front intersects a free surface [27, 28].

Further accuracy analysis of the experimentally obtained SIF values is based on comparison with the analytical results
presented in the famous handbook of Murakami [29]. One of the rows in Tab. 3 includes theoretical SIF values. These data
correspond to the solution for the through symmetrical crack starting from the hole boundary in the infinite plane (section

5.1 of handbook [29]). Theoretical and experimental SIF values for the first crack length K} are in a good coincidence. The

values of K; and I%f obtained experimentally and theoretically differ by 16% and 21%, respectively, with experimental

SIF values exceed analogous theoretical data. This fact reflects the influence of the specimen edges that is not taken into
account by the theoretical solution when through hole is located in an infinite plate. The same trend takes place when the
experimental SIF values for mode I crack are compared with the theoretical data obtained for a crack in an infinite plane
and a crack in a plane specimen of limited width under uniaxial tension [22]. Comparison of the experimental, numerical
and theoretical data presented above clearly demonstrates that the developed approach ensures the appropriate accuracy of
SIF determination in the considered case.

Determination of residual stress intensity factor

The essence of modified version of the crack compliance method resides in the following. Initial experimental information,
derived in terms of crack opening displacements, is used for deriving the first four coefficients of Williams’ asymptotic series
and further calculations of SIF values. This means that formula (1) is based on principal of linear fracture mechanics. Thus,
an influence of high-level plastic strains, which occur at the hole vicinity due to cold expansion, on formula (1) validity
should be carefully considered. There is a hope to receive positive answer on this question because narrow notch, used for
crack modelling, is inserted after complete redistribution of plastic strains in work-hardening aluminium alloy.
Determination of SIF values for notches emanating from cold-expanded hole, which are related to different remote stress
levels, is the essential step in this way. To do this, special experiments, connected with a determination of NMOD and SIF
values for three remote stress levels, have been performed. Interference fringe patterns obtained for the first notch of g,

= 2.3 mm length under remote stress o = 60, 80 and 100 MPa are shown in Fig. 5a, 5b and 5c, respectively.
Dependencies of NMOD and SIF values from remote stress level, obtained as the result of three specimens testing, are
shown in Fig. 6a and 6b, respectively. Plot in Fig. 6b has practically linear character. This fact means that formula (1), based
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in principals of linear fracture mechanics, can be reliably implemented for SIF determination when narrow notch is inserted
in material volume that has been undergone to preliminary plastic deformation.

Figure 5: Interference fringe patterns obtained in terms of in-plane displacement component » for three different specimens; initial crack

length @y = 0 mm with increment Az; = 2.30 mm (left) and As; = 2.30 mm (right). a — Specimen T5_29H (6 = 60 MPa); b —
Specimen T5_20H (o = 80 MPa); ¢ — Specimen T5_28H (6= 100 MPa).
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Figure 6: Average values of NMOD . A7, () and SIF (b) as a function of remote stress level o.

Complete set of data, required for residual stress evolution study near cold-expanded holes due to low-cycle fatigue, has
previously been reported in work [1]. The whole set of 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 notch tip. This information gives distributions of NMOD, SIF and T-stress values along total crack length in specimens
of both groups, obtained for different loading cycles. These distributions can be reconstructed to receive dependencies of
fracture mechanics parameters for notches of fixed length against of loading cycle number. Present analysis is founded upon
redistribution of SIF values obtained for notches of different length at different stages of low-cycle fatigue. Dependencies
of SIF values from number of loading cycle are shown in Fig. 7a and 7b for specimens of T5-H1 and T5-H2 group,
respectively.

Considering these results, we should keep in mind that they are referred to the mandrel entrance (inlet) surface specimens.
It has previously been shown that residual stresses arising at the inlet surface are always lower than those related to the
outlet surface [7—17]. This means that fatigue crack always initiation point is always located at the hole edge corresponding
to the inlet face where the lower compression residual stresses arise 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 specimens. Thus, the thickness effect is not taken into account. To reach this aim,
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simultaneous measurements of deformation response, caused by local material removing, on both specimen faces have to
be involved. A set of required experiments is currently under consideration. The results obtained will be reported later.
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Figure 7: Residual SIF I%f values as a function of loading cycle number N for T5-H1 (a) and T5-H2 (b) specimens for notches of
length 4, (n=1,2,3).

Data, presented in Fig.6b, provide a way to derive SIF values, connected with residual stress only, by means of technique

proposed in work [11]. The essence of this approach resides in implementing the linear superposition principal in order to
evaluate SIF values K;Z(KY) , which are related to pure residual stress field. In other words, Kf(M) can be presented as the

difference in experimental SIF value I%I” and theoretical (numerical) SIF value K}, which are obtained for specimens of

equal geometry with the same crack length under the same remote stress:
KU =Ry =K @

where n =1, 2, 3. Theoretical SIF values K|  are listed in Tab. 4. This table also includes K}(R”V) values obtained by

relationship (2) for notch of 4, length proceeding from experimental data shown in Fig. 6b.

o,MPa & ,mm Rr, MPax/m K", MPax~/m K", MPax+/m
60 2.52 5.1 7.4 ~12.50
80 2.30 ~2.6 9.66 ~12.26
100 2.43 0 122 ~12.20

Table 4: SIF values for different remote stress levels.

Data of Tab. 4 demonstrate that residual SIF values, calculated for different remote stress levels, coincide within 2.4 percent.
This fact provides reason enough to implement linear fracture mechanics relations in the course of experimental SIF
determination when a crack length met to the condition 2, = 2 mm. Thus, Formula (1) can be reliably used for residual SIF

an(m) determination for all three notches of different length, emanating from cold-expanded holes at different stages of
low-cycle fatigue. Dependencies of residual SIF values from number of loading cycle are shown in Fig. 8a and 8b for
specimens of T5-H1 and T5-H2 group, respectively.
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Figure 8: Residual SIF K}
length @, (n =1, 2, 3).

Plots, presented in Fig. 8, indicate initial level of residual SIF K;Z(KY) values at different distances from cold-expanded hole

edge and their evolution due to low-cycle fatigue. Note that this evolution for most of presented curves cannot be
characterises as monotonic relaxation. Dependencies of residual stress SIF values KI”(M) from current crack length 4, in
specimens of both groups, constructed at different stages of low-cycle fatigue, are shown in Fig. 9. Curves in Fig. 8 and 9
evidence that an influence of negative residual stress takes place at distance 2, < 4.10 mm from the hole edge for T5-H1

group and at distance «, < 4.50 mm for T5-H2 group. This influence is practically absence for 7, + ; radius for both cases.
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Figure 9: Residual SIF K;(M) values as a function of notches length 4, (n =1, 2, 3) for T5-H1 (a) and T5-H2 (b) specimens for
different cycle number.

Averaged values of notch length, which are used for plots in Fig. 7 and Fig. 8, are listed in Tab. 5.

Normalizes dependencies of residual SIF values from loading cycle number, which follows from dependencies, shown in
Fig. 8, could be used for quantitative estimation of degree of residual stress relaxation in the hole vicinity. Corresponding
curves are presented in Fig. 10. Maximal relaxation reaches 23% for specimens of T5-H1 group (IN = 6000 cycles) and 20%
for specimens of T5-H2 group (IN = 15000 cycles). This fact means that for low-cycle fatigue with stress range
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Ac = 350 MPa the change of stress ratio from R = —0.4 to R = —1.0 does not influence on residual stress evolution. Both
extreme values of relaxation parameter are reached for 95 per cent of lifetime.

Specimen’s group a,, mm a,, mm dy, mm
T5-H1 2.20 4.10 5.90
T5-H2 2.60 4.50 6.40

Table 5: Averaged notch length.
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Figure 10: Normalized tesidual SIF values as a function of loading cycle number for notches of 4, length.

It is of interest to obtain quantitative parameters of residual stress field under study. Rough but quite reliable estimation
follows from the first term of Westergaard’s decomposition [30]:

KRS
ol ==L~

27r ©)

where )" denotes circumferential residual stress components, related to the first notch increment of 7, length; 7 is a
distance from the notch tip along x-axis. Graphical representation of function (3) is shown in Fig. 11. Quantitative estimation

that follows from formula (3) for 7= 0.005 mm is o> =—220 MPa. This result is in a good agreement with numerical data
presented in work [11].
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Figure 11: Values of circumferential residual stress component 0,  at different distances from the tip of notch of &, length.
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CONCLUSION

to low-cycle fatigue is proposed and realized. The approach developed is based on modified version of the crack

compliance method that is capable of SIF determination for narrow notches emanating from cold-expanded holes.
These notches are inserted at different stages of low-cycle fatigue under constant external load. The first distinctive point
of the technique involved consists of the fact that in-plane displacement components are measured by ESPI along narrow
notch border immediately. Notch emanation from the hole edge is the second important trait, which considerably increases
a sensitivity with respect to residual stress determination. The third feature resides in consideration of two low-cycle fatigue
programs with negative stress ratio. Validity of implementation of linear fracture mechanics relationships for transition from
experimentally determined displacement components to requited SIF values in the cold-expanded hole vicinity is
substantiated by comparing data, which are obtained for different external load values. Above assertion follows from linear
character of dependencies of NMOD and SIF values, obtained in residual stress field, from remote stress level. This fact
opens a way to implement the linear superposition principal for evaluation of residual SIF values. It is shown that residual
SIF values, which correspond to different remote stress levels, lie within 2.4 per cent interval. Two loading programs are
performed for stress range Ao = 350 MPa. It is established that maximal residual stress relaxation is equal to 23% and 20%
for stress ratio R = —0.4 to R = —1.0, respectively. The results obtained demonstrate that negative circumferential residual
stress remains its positive influence on fatigue crack resistance during 95% of low-cycle lifetime of specimen with cold-
expanded hole for both low-cycle fatigue programs.

l ] nconventional method for a quantitative characterization of residual stress evolution near cold-expanded hole due
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