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Abstract: In this work, the Christopher—James—Patterson crack tip field model is used to infer
and assess the effective stress intensity factor ranges measured from thermoelastic and digital
image correlation data. The effective stress intensity factor range obtained via the Christopher—
James—Patterson model, which provides an effective rationalization of fatigue crack growth rates,
is separated into two components representing the elastic and retardation components to assess
shielding phenomena on growing fatigue cracks. For this analysis, fatigue crack growth tests were
performed on Compact-Tension specimens manufactured in pure grade 2 titanium for different
stress ratio levels, and digital image correlation and thermoelastic measurements were made for
different crack lengths. A good agreement (~2% average deviation) was found between the results
obtained via thermoelastic stress analysis and digital image correlation indicating the validity of the
Christopher—James—Patterson model to investigate phenomena in fracture mechanics where plasticity
plays an important role. The results show the importance of considering crack-shielding effects using
the Christopher—James-Patterson model beyond considering an exclusive crack closure influence.

Keywords: fatigue crack growth; CJP model; crack tip parameters; crack tip shielding; digital image
correlation; thermoelastic stress analysis

1. Introduction

The CJP model (Christopher, James, and Patterson) [1-4] is a crack tip field model able
to reproduce the effect of the plastic enclave surrounding a fatigue crack on the elastic field.
Therefore, this model is able to quantify the crack-shielding effect [5-7] during fatigue
crack growth (either crack growth acceleration or retardation). Unlike other elastoplastic
based models such as the HRR fields [8], the CJP model approach is different since it
is mathematically based on Muskhelishvili’'s complex potentials [9] (linear and elastic).
Beyond the extensive experience of its authors in several research fields, the development
of the CJP model is a result of the evolution of full-field optical techniques [10-12] that have
been evidenced as highly capable in quantifying the effective driving force for crack growth
through the experimental measurement of crack tip displacement or stress fields [13-17].
The CJP model was originally developed and validated using Digital Photoelasticity [1,2],
subsequently extended to Digital Image Correlation (DIC) for its application to metallic
materials [3,4], and recently validated for its use in Thermoelastic Stress Analysis (TSA) [18].
Many works, which will be described below, can be found in the literature and show the
ability of the model for reproducing crack-shielding effects. Examples are the works
conducted by Vasco-Olmo et al. [19] and Robles et al. [20] showing the ability of the model
to detect the crack closure/opening loads throughout a fatigue loading cycle; the work
reported by Vasco-Olmo et al. [21] showing the ability of the model to accurately reproduce
the size and shape of the crack tip plastic zone; the works by Nowell et al. [22,23] showing
the agreement of the model with a displacement partitioning elastic-plastic model [24];
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and Yang et al.’s work [25] showing how the CJP model effective stress intensity factor
range can rationalize fatigue crack growth rates for different specimens and stress ratios.

As will be described in Section 2, the CJP model describes the crack tip stress field
through several coefficients that define three stress intensity factors accounting for crack
plasticity effect. In previous described works, authors used these stress intensity factors
to analyze crack-shielding effect. Although has been proved that the CJP model is ef-
fective in terms of modelling crack tip plasticity effects on the elastic field as previously
described [21,23], sometimes the role of each parameter in modelling the crack-shielding
effect is not entirely obvious. This is due to the coefficient that is related to crack growth
retardation (or acceleration) since it appears in the two stress intensity factors that define
the effective stress intensity range. Thus, in this work, an analysis of the ranges of the CJP
model coefficients experimentally calculated via TSA and DIC is performed in order to
investigate the role of each parameter. The aim is to define and compare both the elastic
and retardation parts of the CJP model effective stress intensity factor range regarding
nominal values and their influence on fatigue crack growth rates.

2. Mathematical Description of the Crack Tip Fields According to the CJP Model

The CJP model is based on Nurse and Patterson’s approach [26] for the description
of Muskhelishvili’s complex potentials [9] as Fourier series. The stress tensor components
surrounding a fatigue crack according to this model are given by Equations (1)—(3) [1]:

ox=1"1/2{—1/2 (A + 4B + 8E) cos(6/2) — 1/2 B cos(50/2) — 1)
1/2 E [In(r) (cos(50/2) + 3 cos(6/2)) + 0 (sin(50/2)+ 3 sin(6/2))]} + C,

oy =1 1/2{1/2 (A — 4B — 8E) cos(0/2) + 1/2 B cos(50/2) + @
1/2 E [In(r) (cos(50/2) — 5 cos(0/2)) + 6 (sin(50/2) — 5sin(6/2))]} — F,

Txy = r V2 (A sin(0/2) + B sin(50/2) — E sin(0) (In(r) cos(36/2) + 0 sin(30/2))},  (3)

where r and 0 are the polar coordinates in the crack plane (see Figure 1), and A, B, C,
E, and F are the coefficients describing the stress fields. Those coefficients provide three
stress intensity factors and two non-singular stresses along the crack growth and opening
directions. The first stress intensity factor is Ky, which is assumed as the driving force
forward the crack tip. In other words, K is an equivalent mode I stress intensity factor
that takes into account crack-shielding effects. K is obtained by combining the coefficients

as follows:
Kg = \/j (A—3B—8E), 4)

The second SIF, which is defined as the retardation stress intensity factor, is denoted
by Kr and represents the retardation or acceleration due to the crack-shielding effect. This
SIF is directly obtained through coefficient E as shown in Equation (5):

Kr= 4n\/§E, (5)

The third stress intensity factor is the compatibility-induced shear stress intensity
factor, which is denoted by K. It characterizes the shear stress on the elastoplastic boundary.

Ks is given by Equation (6):
Ke = \/§(A+B), (6)

Finally, the coefficients C and F are related to non-singular stresses along the crack
growth and the crack opening directions, respectively:

Opx = —C (7)
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GOY =—F (8)

where 0¢y and ogy, are the non-singular stresses along the crack growth and crack opening
directions, respectively.
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Figure 1. Stress tensor definition at a point surrounding the crack tip in terms of polar coordinates [27].

The effective stress intensity factor according to the CJP model is obtained by combin-
ing Kr and KR [25]. Equation (9) gives the AK,¢ as a function of the CJP model coefficients:

AKeg = \/f (A — 3B+ 4.56E), )

The crack tip displacement fields are given by:

uy, =1/(2G) {2 (=A — 2B — 2E) cos(0/2) + r'/2 (B + 2E) cos(0/2) —
Erl/2 [In(r) (cos(30/2) + (1 — 2¢) cos(0/2)) + 0 (sin(36/2) + (10)
(22 — 1) sin(0/2))] — Cr (1 + 5) cos(0)/4 + Fr (3r — 3) cos(0)/4},

uy =1/(2G) {r'/2 (A — 2B3 — 2E) cos(0/2) + r'/2 (B + 2E) cos(/2) +
Er!/2 [In(r) (sin(30/2) — (1 + 237 sin(6/2)) — 0 (cos(30/2) + (25 + 1) cos(0/2))] +  (11)
Cr(3 — ) sin(0)/4 + Fr (3¢ + 1) sin(0)/4},

In the above equations, s is (3—4 v) for plane strain and (3 — v)/(1 + v) for plane stress.
G and v are the shear modulus and Poisson’s ratio, respectively.

3. Experimental Campaign

Fatigue crack growth tests were performed on a servo hydraulic machine testing
(MTS 370.02) on Compact-Tension specimens manufactured in pure grade 2 titanium.
Tables 1 and 2 show the chemical composition and the mechanical properties, respectively,
and Figure 2 shows the employed CT specimen both in a DIC image and in a drawing
showing its dimensions. Two stress ratios (0.1 and 0.6) were tested holding the maximum
load at 750 N with a loading frequency of 11 Hz. The 2D-DIC and TSA techniques were
employed for the simultaneous measurement of displacement fields and thermoelastic data,
respectively. The specimens were previously prepared for TSA and DIC measurements
by applying a black matte paint layer on the front specimen’s side to increase the thermal
emissivity for TSA measurements and spraying a stochastic black and white speckle pattern
on the backside of the specimen for correct DIC processing.
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Table 1. Chemical composition (%wt) of pure grade 2 titanium [25].

Fe C N (@) H Ti
0.1 0.01 >0.01 0.12 0.002 Balance

Table 2. Mechanical properties of pure grade 2 titanium [25].

Young’s 0.2% Yield Ultimate Elongation at
Modulus Stress Tensile Strength Failure Poisson’s Ratio
(GPa) (MPa) (MPa) (%)
105 390 448 20 0.34

25.00

1.10
I
!

|

|

i
12.00

Figure 2. CT specimen (1 mm thickness). (a) DIC image of the specimen at the beginning of the test
(undamaged) and (b) drawing indicating the specimen dimensions (mm).

TSA and DIC measurements were performed for different crack lengths approximately
within the range between 5 and 10 mm (0.25 and 0.5 in terms of the dimensionless crack
length). For TSA measurements, a cooled infrared camera (model FLIR X6581 SC, Teledyne
FLIR Spain, Alcobendas, Madrid) was employed as shown in Figure 3. A 50 mm lens
along with an extension ring were employed to increase the spatial resolution. Thus, a
spatial resolution of 35.1 um per pixel was obtained. The acquisition time was 2 s, and the
acquisition frame rate was 300 Hz. Thus, 22 cycles with 27 points per cycle were acquired.
An integration time of 2 ms was chosen. From the measured temperature maps, the phase
and amplitude temperature maps were calculated by fitting temperature-time data to
Fourier series as reported in reference [18].

For 2D-DIC data acquisition, a 2 MPixels Couple-Charge-Device (CCD) sensor camera
(model AVT Marlin F-145, Allied Vision Technologies, Stadtroda, Alemania) was employed
as shown in Figure 3. A macro zoom lens was fitted to the camera to increase the spatial
resolution around the crack tip. Thus, a spatial resolution of 14.3 pm per pixel was achieved.
DIC processing was performed using the commercial VIC-2D-7 software provided by
Correlated Solutions Inc. [28]. For DIC processing, 29 pixel facets were used with a step of
one pixel.

The camera system synchronization during recording was carried out by sending a
trigger signal commanded by the testing machine controller (model MTS FlexTest 40, MTS
Systems Corporation, Eden Prairie, MN, USA) to both cameras.
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Figure 3. Experimental setup for fatigue testing and DIC and TSA data acquisition.

An additional test was previously conducted to measure the thermoelastic constants
for the employed material [29-31]. Thus, a plane plate machined from the same material
sheet was tested under tensile cyclic load at different values of amplitude and mean stress
values. The calibration procedure is detailed the following section.

4. Experimental Methodology
4.1. Calculating Crack Tip Parameters from TSA and DIC Data

For the calculation of crack tip parameters using full-field information, the Multi-Point
Over-Deterministic Method (MPODM) developed by Sanford and Dally [32] was employed
to fit both TSA and DIC data to the CJP model stress or displacement equations. Although
the mathematical basis (MPODM) is the same for both type of data, each type of data has
its own features, and therefore the way in which the data are extracted is different. The
applied methodology for each technique is described in the following sections.

4.1.1. Methodology for Fitting Thermoelastic Data

Once phase and amplitude maps are calculated (see Figure 4), the fitting data is
extracted from temperature amplitude maps. Since the CJP model is a linear and elastic
model, data should be extracted in the linear and elastic zones and hence out of the crack
tip plastic zone. Thus, data is extracted using an annular-shaped mesh that avoids the
inclusion of data in the plastic region.

(A) Temperature amplitude

K (B) - Phasg shif? _deg

3 30
50 50 | 20
%100 %100 f
= & 10
2 150 £ 150
< < [
5 g 0
g 5 . .
§ 200 § 200 ¢ "
> >
250 250 ¢
-20
300 300 f S
50 100 150 200 50 100 150 200
X coordinate (pixel) X coordinate (pixel)

Figure 4. (A) Temperature amplitude and (B) phase shift maps surrounding the crack tip. Stress ratio
of 0.1 and crack length of 8.5 mm.
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The mesh geometrical features are obtained by analyzing the different regions in
the phase shift (difference between the phases of the load and temperature signals) and
temperature maps and profiles along the crack growth direction (see Figures 4 and 5a).
Three zones can be primarily identified in the phase shift map (Figure 4b). The green area
corresponds to the linear and elastic zone where the phase shift is near zero where adiabatic
conditions are achieved. The red and blue zones correspond to the residual plastic wake
between the crack flanks and the plastic zone, respectively. In those areas, the phase shift is
due to the heat generation because of crack tip plasticity (non-adiabatic conditions). The
mesh center should be placed at the crack tip since crack tip field models are referred to
the crack tip. In other words, the crack tip is the coordinate origin for any crack tip field
model. However, this variable is not overly critical since it is included as fitting unknown,
and its value could change during the algorithm. Nevertheless, it is suitable to choose a
well-placed value for several reasons. First, the mesh should be well located to avoid the
inclusion of plastic data since the other variables are defined from that. Secondly, this value
is chosen as an initial guess for solving the nonlinear problem. Therefore, convergence
problems due to the initial solution should be avoided if a good value for the crack tip is
initially chosen. The crack tip location is identified from the phase shift profile (blue points
in Figure 5a) as the zero value between positive and negative shifts (transition between the
residual wake and the crack tip plastic zone) [33,34]. The inner radius, which is defined in
order to avoid plastic data, is calculated as the difference between the almost zero-phase
point in front of the crack tip plastic zone and the previously calculated crack tip. As shown
in Figure 5a, the zero-phase point can be clearly identified and obtained from that profile.
That point is obtained through nearest neighbor interpolation. Finally, the outer radius,
which should be defined in order to capture data within the crack tip singularity zone, is
calculated as a crack length fraction (40%) according to Nurse and Patterson’s criterion [35].
However, higher values for that variable do not significantly affect the inferred parameters.
Thus, from those parameters, the annular mesh for extracting fitting data is generated as
shown in Figure 5b.

(A) 55 , ‘ ' , P (B) Temperature amplitude K
s 15
0.6 RVA 50
¥ w s N
= A S 10 ~
T05 c Ly —~ O
2 ,¢% 1 \ {s & x100
- L) ) kY T &
g 0.4 [ °s % R T 0 = 0]
s [, it R L ) E w150
SN : g £
’5‘ 03" % ;" .c’ \ -5 § 'E
= 4 f % < 9 200
S N § L3 -10 = o}
o2 e $ ‘\\ &2
e
£ ; ‘o -15 250
Fo01 %4 ."'“\. 20
W 300
0 M : : 25
0 50 100 150 200 250 50 100 150 200

X coordinate (pixel) X coordinate (pixel)

Figure 5. (A) Temperature amplitude and phase shift profiles along the crack growth direction to
show the different zones surrounding the crack tip for mesh definition and (B) annular mesh contour
superimposed over the temperature amplitude map.

Once crack tip temperature data has been extracted, that data is fitted to the thermoe-
lastic equation. In this work, a higher-order thermoelastic equation considering the mean
stress effect is employed [18,34] as shown in Equation (12). The stress components in this
equation are replaced by the CJP model stress equations (Equations (1)—(3)) to determine
the coefficients describing the crack tip fields in the CJP model:

AT
T, Y (Aox+Aoy)+bRs (—ZV (AGXAG},—ATi},) +A0'§+AO‘§,+2AT,2<Y) , (12)
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where the A symbol indicates the range throughout a loading a cycle, Ty is the mean
temperature, y and b are the first- and second-order thermoelastic constants, respectively,
and R¢ is function depending on the stress ratio (R¢ = (1 — R)/(1 + R)). This nonlinear
fitting problem is addressed using an optimization approach that employs an Interior-Point
Method [36,37]. The objective function is shown in Equation (13):

AT &P AT th
h(AA, AB, AC, AE, AF =||{ =— — | = 1
(85, 8B, 8¢, 88, 8F, 8, 8,) =1 (3)  ~ (T ) I 13)

where h is the objective function, dx and 0y are the crack tip coordinates and superscripts,
and exp and th refer to experimental and theoretical array data, respectively. Double
vertical bars represent the norm operator. Note from Equation (12) that TSA data directly
provides the range of crack tip parameters throughout a loading cycle. The initial solution is
constructed by assuming no shielding effect [1] and establishing relationships between the
CJP model coefficients and theoretical stress intensity factors and non-singular stresses [18].

4.1.2. Methodology for Fitting Digital Image Correlation Data

For inferring crack tip parameters from DIC data, the same approach as for ther-
moelastic data was employed. However, because of the different nature of the data,
as TSA measures stresses and DIC displacements, the mesh geometrical features (inner
and outer radius and center) were calculated from DIC information. The crack tip po-
sition was calculated from vertical displacements using the methodology proposed by
Vasco-Olmo et al. [38]. The inner radius was estimated via Dugdale plastic radius approx-
imation [39], which provides a conservative value since overestimating the plastic zone
size, and therefore, it ensures that no plastic data is collected. The outer radius was de-
fined employing the same criterion as for thermoelastic data (40% of the crack length).
Figure 6 shows the generated mesh superimposed over vertical (Figure 6a) and horizontal
displacement maps (Figure 6b).

A B
(A) Vertlcal displacement mm (B) Horizontal dlsplacement
6 6
0.08 0.04
4 0.06 4 ;
0.02
P o P 0.02
[ [
&0 0 £0 0.01
9 e
I 2
g, -0.02 g, 0
o o
— \ -0.04 - \ 5
- -0.06 -
-0.02
% -0.08 %
0
X coordinate (mm) X comdlmte (mm)

Figure 6. Annular mesh superimposed over DIC displacement maps. (A) Vertical displacement map
and (B) horizontal displacement map. Displacement maps at the maximum load for a crack length of
8.5 mm.

For fitting any crack tip field model to DIC data, three additional variables modelling
a small rigid body motion should be included. Thus, the objective function leads as shown
in Equation (14);

g(A/ B/ C/ E/ F/ uXO/ uyOI RXYI 6X/ 6y) = HUth_UeXp H, (14:)
where uyg, uyo, and Ryy are the coefficients modelling a small-displacement rigid body
motion (displacements along x and y directions and an in-plane rotation), and U is an array
containing both vertical (uy) and horizontal (uyx) displacements. To solve that optimization

problem, the same approach and algorithm as for TSA data were employed. The maximum
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and minimum load displacement fields were analyzed to calculate crack tip parameter
ranges from DIC data.

4.2. Determination of the Thermal Calibration Contants

As previously introduced, a calibration test [29-31,34] was performed to obtain the
thermal calibration constants for the employed material. A plane plate subjected to cyclic
uniaxial loading allows a uniaxial stress state to be obtained. Each stress state simplifies the
thermoelastic equation and allows the thermoelastic constants to be obtained simply. The
simplified thermoelastic equation for a uniaxial case is given by the following equation:

AT
T()AO'

=v+bo,, (15)

where oy, is the mean stress. Note that for the uniaxial case of Equation (12), the product of
R¢ and Ao gives on. Thus, by fitting Equation (15) (line equation) to temperature data for
different values of mean and alternant stress, the thermoelastic constants can be determined.
The different stress states used for the calibration are displayed in Table 3.

Table 3. Loading cases used for the thermal calibration.

Amplitude (N) Mean Component (N)
700 1400
700 1600
700 1800
1000 1400
1000 1600
1000 1800
1200 1400
1200 1600
1200 1800

Finally, the obtained values for the thermoelastic constants were 3.1765 x 10~% MPa~!
and 4.3715 x 10~? MPa~2 for the first- and second-order constants, respectively.

5. Results and Discussion

Figure 7 shows the experimentally obtained AK from both TSA and DIC data along
with the theoretical AK [40] for the different tested stress ratios versus the dimensionless
crack length. As a first point, it can be seen how the calculated SIF ranges from DIC and
TSA agree well for both stress ratios. For the high stress ratio, slight differences between
TSA and DIC data were found; however, these small differences may be fairly attributed
to the inherent noise of the experimental measurement since for small stress amplitudes
(high stress ratios) the noise could be significantly higher than for high stress amplitudes
(low stress ratio). As shown in Figure 6, for both stress ratios the effective SIF ranges are
lower than the nominal but more significantly for the lower stress ratio. This fact seems
meaningful as a higher closure influence is expected for a low stress ratio than for a high
stress ratio. Figure 8 shows a log-log da/dN — AKq plot. As shown here, the effective
CJP model stress intensity factor range correlates well with fatigue crack growth rates for
both stress ratios. In other words, both data (0.1 and 0.6 stress ratios) are in the same line,
and no offset between stress ratios was found. In Figure 8, the Paris equation fitted to those
data is also displayed. The obtained coefficients were 2.8113 x 10~ for the proportional
coefficient and 2.3976 for the potential law exponent (crack growth rates in um/cycle and
SIFs ranges in MPa m?/2), which agree well with those obtained by Yang et al. [25] for the
tested material (1.7636 x 10~ for the proportional coefficient and 2.4146 for the potential
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law exponent). In addition, all the data keeps within the 95% fitting confidence bounds
as shown in Figure 8. Regarding the fitting quality, a value of 98.53% in terms of the
R-square parameter was obtained. The fitting of da/dN — AK data to Paris’s equation was
performed using Linear Least Squares for a line equation by first linearizing the power
law through logarithms. Thus, possible errors because of the use of numerical methods
were avoided.

50 T T T T
% TSARO.1
45 ¢ DICRO.1
Theoretical R 0.1
40 x TSARO0.6 i
QA ¢ DICRO0.6 o
= 35 Theoretical R 0.6 o i
< o
[ali
S 30 1
H
825 L O 1
<
201 :
.
151 * 1
< *
. * F
10 1 1 1 1
0.25 0.3 0.35 0.4 0.45 0.5
a/W
Figure 7. CJP model effective stress intensity factor range vs. the dimensionless crack length.
101 T T T
% TSARO.1
¢ DICRO.1
*x TSARO0.6
— ¢ DICRO0.6
& 0 Paris
£ 107 |——95%CI
2
£
2
Z
T -1
< 10 "+
o
da/dN=2.881-10" AKZ”7°

-2 I 1
10 15 20 25 30 35

1/2
AK_ (MPam'?)

Figure 8. Log-log da/dN vs AK,¢ plot along with the fitted Paris curve and the fitting 95% confidence
lines. Fitting R-square coefficient of 98.53%. 95% CI indicates the 95% confidence intervals.

Above, the CJP model AK,¢ has been verified as a suitable crack tip governing, which
provides an effective rationalization of fatigue crack growth rates. Next, this parameter is
analyzed by trying to separate into two SIF ranges, one of them representing the linear and
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elastic component and another one that characterizes the crack-shielding influence. For
convenience, AK.¢ (Equation (9)) is decomposed into terms called I'; and I'; as displayed
in Equations (16) and (17), respectively. As coefficient E is related to crack-shielding
influence, the term I'1 should corresponds to the linear and elastic components, and I'; to

the retardation component:
I = \/f(AA —3AB), (16)

I, = \/j (4.56AE), (17)

Note that the sum of Equations (15) and (16) gives AK,¢. Figure 9 shows the parameter
I'1 versus the dimensionless crack length. As shown in Figure 9, a good agreement was
also found between DIC and TSA data for both stress ratios, and the values of parameter I'y
also differ from the theoretical value being more significant for the low stress ratio than for
the high stress ratio. The reduction compared to the nominal that occurred at the low stress
ratio may be attributed to the premature contact between crack flanks causing crack closure
that can affect both the measured temperature signals and displacement fields. That is,
for TSA data, the measured temperature signal could be attenuated due to the premature
contact between crack flanks [17], and for DIC data, the same phenomenon could occur for
displacements fields [15].

50 T T T T

x TSARO.1
45+ ¢ DICRO.1 .
Theoretical R 0.1

40 - *x TSARO0.6 |
¢ DICRO0.6 1%
—— Theoretical R 0.6 B

x

04 0.45 0.5
a/W

Figure 9. Linear and elastic components of the CJP model effective stress intensity factor vs. the

Iy
*

0.25 0.3 0.35

dimensionless crack length.

Figure 10 shows parameter I';, which is related to the crack shielding. The trend of
this parameter is increasing as the crack grows, which is meaningful since the shielding
effect is expected to increase as the crack grows at constant amplitude loading therefore
increasing the size of the crack tip plastic zone. The differences at small crack lengths for
the 0.1 stress ratio might be due to inherent experimental noise, which might affect this
variable since its magnitude order is around 0.5 MPa m'/2.
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Figure 10. Shielding component of the CJP model effective stress intensity factor range.

Finally, to quantify differences between the CJP model effective stress intensity factor
and its linear and elastic terms, both parameters are analyzed by comparing them with the
theoretical values as shown in Figures 11 and 12. This representation allows the difference
between each parameter and the theoretical value to be assessed without dimensions. Thus,
if a line is fitted, as shown in Figures 11 and 12, the slope corresponds to the average ratio
between each parameter and the theoretical value.

40 T T T T T
% TSARO.1
¢ DICRO.1
357 | * TSARO.6 I
. ¢ DICRO0.6
= 30 F 1
S
&
S 25 F .
T
[«F]
é 201 Line slope 1
0.8209
15+ .
10 “ 1 1 I I 1 1

10 15 20 25 30 35 40 45
1/2
AK, _(MPam'?)

Figure 11. CJP model effective stress intensity factor range vs. theoretical stress intensity factor range.
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15+ 1
10 ‘ 1 1 1 1 1 1
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Figure 12. Elastic term of the CJP model effective stress intensity factor range vs. theoretical stress
intensity factor range.

As shown in Figures 11 and 12, a linear relationship between both parameters and
the theoretical SIF was found. This fact means that there is proportionality between
both parameters, and, hence, those ratios are constant for different crack lengths. The
fitted slopes are 0.8209 and 0.8746 for the effective stress intensity factor and the elastic
component, respectively. These results along with Figure 8 demonstrate the importance
of considering the plasticity influence (crack shielding) beyond the crack closure effect on
modelling fatigue crack growth rates.

6. Conclusions

In this work, the crack-shielding effect on fatigue crack growth has been studied in
pure grade 2 titanium CT specimens by combining the CJP model along with TSA and DIC
data. From the above-reported results, the following conclusions can be established:

e  There is convergence between the obtained SIF ranges from TSA and DIC data (mean
deviation between data of around 2%) indicating the validity of the obtained results.

e  The CJP model effective stress intensity factor range provides an effective rationaliza-
tion of fatigue crack growth rates since those values fall along the same power law
when AKg is used as the fatigue crack driving force.

e  The CJP model is able to quantify both the elastic and the retardation components of
the stress intensity existing at the tip of a fatigue crack.

e  The CJP model also demonstrates that crack closure is not the only factor involved in
crack growth retardation, and it is important to consider the effects of the crack tip
plasticity during fatigue crack growth (crack shielding), which can reduce the value of
the effective SIF up to 7%, to a proper modelling of fatigue crack growth rates using
Paris’s law.

e  Further study might consider a recent and novel formulation of the CJP model also
including the crack-blunting effect [41].

Author Contributions: Conceptualization, FA.D., ] M.V.-O. and A.C.-R.; methodology, A.C.-R.,
JM.V.-O. and G.L.G.G,; validation, A.C.-R., JM.V.-O. and G.L.G.G.; investigation, A.C.-R.; writing—
original draft preparation, A.C.-R.; writing—review and editing, ] M.V.-O., G.L.G.G. and FAD,;
supervision, EA.D. and ].M.V.-O,; funding acquisition, ]. M.V.-O. All authors have read and agreed to
the published version of the manuscript.



Materials 2023, 16, 5705 13 of 14

Funding: This research was funded by Junta de Andalucia through the research project funded by the
program “Proyectos de I + D+ i en el Marco del Programa Operativo FEDER Andalucia 2014-2020”,
grant number 1380786. The authors also would like to acknowledge the financial support from
Ministerio de Universidades del Gobierno de Espafia through the program “Recualificacion del
Sistema Universitario Espafiol 2021-2023: Maria Zambrano”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: Authors acknowledge Junta de Andalucia for the financial support through the
research project 1380786 and to Ministerio de Universidades del Gobierno de Espafia through the
program “Recualificacion del Sistema Universitario Espafiol 2021-2023: Maria Zambrano”.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.  Christopher, C.J.; James, M.N.; Patterson, E.A.; Tee, K.F. Towards a New Model of Crack Tip Stress Fields. Int. J. Fract. 2007,
148, 361-371. [CrossRef]

2. Christopher, C.J.; James, M.N.; Patterson, E.A.; Tee, K.F. A Quantitative Evaluation of Fatigue Crack Shielding Forces Using
Photoelasticity. Eng. Fract. Mech. 2008, 75, 4190-4199. [CrossRef]

3. James, M.N,; Christopher, C.J.; Lu, YYW.,; Patterson, E.A. Local Crack Plasticity and Its Influences on the Global Elastic Stress Field.
Int. ]. Fatigue 2013, 46, 4-15. [CrossRef]

4.  Christopher, C.J.; Laboviciute, G.; James, M.N.; Patterson, E.A. Extension of the CJP Model to Mixed Mode I and Mode II. Frat.
Integrita Strutt. 2013, 7, 161-166. [CrossRef]

5. Elber, W. Fatigue Crack Closure under Cyclic Tension. Eng. Fract. Mech. 1970, 2, 37—44. [CrossRef]

6.  Elber, W. The Significance of Fatigue Crack Closure; ASTM Special Technical Publication; ASTM: West Conshohocken, PA, USA,
1971; pp. 230-242. [CrossRef]

7. Ritchie, R.O. Mechanisms of Fatigue Crack Propagation in Metals, Ceramics and Composites: Role of Crack Tip Shielding. Mater.
Sci. Eng. A 1988, 103, 15-28. [CrossRef]

8. Hutchinson, J.W. Plastic Stress and Strain Fields at a Crack Tip. J. Mech. Phys. Solids 1968, 16, 337-342. [CrossRef]

9. Muskhelishvili, N.I. Some Basic Problems of the Mathematical Theory of Elasticity; Springer: Dordrecht, The Netherlands, 1977.

10. Thomson, W.; Lord, K. On the Thermoelastic, Thermomagnetic and Pyro-Electric Properties of Matters. Philos. Mag. 1878, 5, 4-27.
[CrossRef]

11.  Brewster, D. On the Communication of the Structure of Doubly Refracting Crystals to Glass, Muriate of Soda, Flour Spar and
Other Substances by Mechanical Compression and Dilatation. Philos. Mag. 1816, 106, 156-178.

12.  Sutton, M.A.; Orteu, J.J.; Schreier, H.W. Image Correlation for Shape, Motion and Deformation Measurements; Springer: New York, NY,
USA, 2009; ISBN 978-0-387-78746-6.

13.  Nurse, A.D.; Patterson, E.A. Photoelastic Determination of Fatigue-Crack Stress Intensity Factors. In Nondestructive Inspection of
Aging Aircraft; Valley, M.T., DelGrande, N.K., Kobayashi, A., Eds.; SPIE: Bellingham, WA, USA, 1993; Volume 2001, pp. 155-162.

14. Pacey, M.N.; James, M.N.; Patterson, E.A. A New Photoelastic Model for Studying Fatigue Crack Closure. Exp. Mech. 2005,
45,42-52. [CrossRef]

15. Lopez-Crespo, P.; Shterenlikht, A.; Yates, ].R.; Patterson, E.A.; Withers, P.J. Some Experimental Observations on Crack Closure
and Crack-Tip Plasticity. Fatigue Fract. Eng. Mater. Struct. 2009, 32, 418-429. [CrossRef]

16. Rabbolini, S.; Beretta, S.; Foletti, S.; Cristea, M.E. Crack Closure Effects during Low Cycle Fatigue Propagation in Line Pipe Steel:
An Analysis with Digital Image Correlation. Eng. Fract. Mech. 2015, 148, 441-456. [CrossRef]

17. Diaz, FA.; Vasco-Olmo, ].M.; Lopez-Alba, E.; Felipe-Sese, L.; Molina-Viedma, A.].; Nowell, D. Experimental Evaluation of Effective
Stress Intensity Factor Using Thermoelastic Stress Analysis and Digital Image Correlation. Int. J. Fatigue 2020, 135, 105567.
[CrossRef]

18. Camacho-Reyes, A.; Vasco-Olmo, ].M.; James, M.N.; Diaz, FA. A Higher Order Thermoelastic Analysis of Fatigue Crack Growth
Can Assess Crack Tip Shielding. Fatigue Fract. Eng. Mater. Struct. 2023, 46, 1596-1612. [CrossRef]

19.  Vasco-Olmo, ].M.; Diaz, F.A.; Garcia-Collado, A.; Dorado-Vicente, R. Experimental Evaluation of Crack Shielding during Fatigue
Crack Growth Using Digital Image Correlation. Fatigue Fract. Eng. Mater. Struct. 2015, 38, 223-237. [CrossRef]

20. Robles, ].M.; Vasco-Olmo, ].M.; Cruces, A.S.; Diaz, FA.; James, M.N.; Lopez-Crespo, P. Fatigue Crack Characterisation in 2024-T351

Aluminium Alloy through SEM Observation Combined with the CJP Model. Int. ]. Fatigue 2023, 166, 107279. [CrossRef]


https://doi.org/10.1007/s10704-008-9209-3
https://doi.org/10.1016/j.engfracmech.2008.03.013
https://doi.org/10.1016/j.ijfatigue.2012.04.015
https://doi.org/10.3221/IGF-ESIS.25.23
https://doi.org/10.1016/0013-7944(70)90028-7
https://doi.org/10.1520/STP26680S
https://doi.org/10.1016/0025-5416(88)90547-2
https://doi.org/10.1016/0022-5096(68)90021-5
https://doi.org/10.1080/14786447808639378
https://doi.org/10.1007/BF02428989
https://doi.org/10.1111/j.1460-2695.2009.01345.x
https://doi.org/10.1016/j.engfracmech.2015.07.070
https://doi.org/10.1016/j.ijfatigue.2020.105567
https://doi.org/10.1111/ffe.13949
https://doi.org/10.1111/ffe.12136
https://doi.org/10.1016/j.ijfatigue.2022.107279

Materials 2023, 16, 5705 14 of 14

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.
40.
41.

Vasco-Olmo, J.M.; Diaz, FA.; James, M.N.; Yang, B. Crack Tip Plastic Zone Evolution during an Overload Cycle and the
Contribution of Plasticity-Induced Shielding to Crack Growth Rate Changes. Fatigue Fract. Eng. Mater. Struct. 2018, 41, 2172-2186.
[CrossRef]

Nowell, D.; Dragnevski, K.I,; O’Connor, S.J. Investigation of Fatigue Crack Models by Micro-Scale Measurement of Crack Tip
Deformation. Int. J. Fatigue 2018, 115, 20-26. [CrossRef]

Nowell, D.; Nowell, S.C. A Comparison of Recent Models for Fatigue Crack Tip Deformation. Theor. Appl. Fract. Mech. 2019,
103, 102299. [CrossRef]

Pommier, S.; Hamam, R. Incremental Model for Fatigue Crack Growth Based on a Displacement Partitioning Hypothesis of Mode
I Elastic-Plastic Displacement Fields. Fatigue Fract. Eng. Mater. Struct. 2007, 30, 582-598. [CrossRef]

Yang, B.; Vasco-Olmo, ].M.; Diaz, F.A.; James, M.N. A More Effective Rationalisation of Fatigue Crack Growth Rate Data for
Various Specimen Geometries and Stress Ratios Using the CJP Model. Int. ]. Fatigue 2018, 114, 189-197. [CrossRef]

Nurse, A.D.; Patterson, E.A. Experimental Determination of Stress Intensity Factors for Cracks in Turbine Disks. Fatigue Fract.
Eng. Mater. Struct. 1993, 16, 315-325. [CrossRef]

Anderson, T.L. Fracture Mechanics: Fundamentals and Applications, 4th ed.; CRC Press: Boca Raton, FL, USA, 2017; ISBN
9781498728140.

Available online: http://www.correlatedsolutions.com (accessed on 20 May 2022).

Palumbo, D.; Galietti, U. Data Correction for Thermoelastic Stress Analysis on Titanium Components. Exp. Mech. 2016, 56, 451-462.
[CrossRef]

Robinson, A.F; Dulieu-Barton, ].M.; Quinn, S.; Burguete, R.L. The Potential for Assessing Residual Stress Using Thermoelastic
Stress Analysis: A Study of Cold Expanded Holes. Exp. Mech. 2012, 53, 299-317. [CrossRef]

Galietti, U.; Palumbo, D. Thermoelastic Stress Analysis of Titanium Components and Simultaneous Assessment of Residual
Stress. EP] Web Conf. 2010, 6, 38015. [CrossRef]

Sanford, R.J.; Dally, ] W. A General Method for Determining Mixed-Mode Stress Intensity Factors from Isochromatic Fringe
Patterns. Eng. Fract. Mech. 1979, 11, 621-633. [CrossRef]

Patki, A.S.; Patterson, E.A. Thermoelastic Stress Analysis of Fatigue Cracks Subject to Overloads. Fatigue Fract. Eng. Mater. Struct.
2010, 33, 809-821. [CrossRef]

Palumbo, D.; De Finis, R.; Di Carolo, F.; Vasco-Olmo, J.; Diaz, F.A.; Galietti, U. Influence of Second-Order Effects on Thermoelastic
Behaviour in the Proximity of Crack Tips on Titanium. Exp. Mech. 2021, 62, 521-535. [CrossRef]

Nurse, A.D.; Patterson, E.A. Determination of Predominantly Mode-II Stress Intensity Factors from Isochromatic Data. Fatigue
Fract. Eng. Mater. Struct. 1993, 16, 1339-1354. [CrossRef]

Waltz, R.A.; Morales, ].L.; Nocedal, J.; Orban, D. An Interior Algorithm for Nonlinear Optimization That Combines Line Search
and Trust Region Steps. Math. Program. 2006, 107, 391-408. [CrossRef]

Nocedal, J.; Wright, S.J. Numerical Optimization; Springer: New York, NY, USA, 2006; ISBN 978-0-387-30303-1.

Vasco-Olmo, J.M.; Diaz, FA.; Antunes, FV,; James, M.N. Characterisation of Fatigue Crack Growth Using Digital Image
Correlation Measurements of Plastic CTOD. Theor. Appl. Fract. Mech. 2019, 101, 332-341. [CrossRef]

Dugdale, D.S. Yielding of Steel Sheets Containing Slits. . Mech. Phys. Solids 1960, 8, 100-104. [CrossRef]

ASTM E647; Standard Test Method for Measurement of Fatigue Crack Growth Rates. ASTM: West Conshohocken, PA, USA, 2000.
Li, J.; Yang, B.; Wang, S.; James, M.N.; Xiao, S.; Zhu, T.; Yang, G. Modified Model of Crack Tip Stress Field Considering Dislocation
Slip Accumulation and Crack Tip Blunting. Chin. J. Mech. Eng. 2023, 36, 47. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/ffe.12840
https://doi.org/10.1016/j.ijfatigue.2018.01.015
https://doi.org/10.1016/j.tafmec.2019.102299
https://doi.org/10.1111/j.1460-2695.2007.01128.x
https://doi.org/10.1016/j.ijfatigue.2018.05.027
https://doi.org/10.1111/j.1460-2695.1993.tb00089.x
http://www.correlatedsolutions.com
https://doi.org/10.1007/s11340-015-0115-0
https://doi.org/10.1007/s11340-012-9633-1
https://doi.org/10.1051/epjconf/20100638015
https://doi.org/10.1016/0013-7944(79)90123-1
https://doi.org/10.1111/j.1460-2695.2010.01471.x
https://doi.org/10.1007/s11340-021-00789-4
https://doi.org/10.1111/j.1460-2695.1993.tb00743.x
https://doi.org/10.1007/s10107-004-0560-5
https://doi.org/10.1016/j.tafmec.2019.03.009
https://doi.org/10.1016/0022-5096(60)90013-2
https://doi.org/10.1186/s10033-023-00875-9

	Introduction 
	Mathematical Description of the Crack Tip Fields According to the CJP Model 
	Experimental Campaign 
	Experimental Methodology 
	Calculating Crack Tip Parameters from TSA and DIC Data 
	Methodology for Fitting Thermoelastic Data 
	Methodology for Fitting Digital Image Correlation Data 

	Determination of the Thermal Calibration Contants 

	Results and Discussion 
	Conclusions 
	References

