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1. Infroduction

Fatigue crack growth in mechanical elements is the result
of localized and permanent microstructural changes due
In order to study crack growth and
general crack paths under cyclic loading conditions in a
two-dimensional space, a mixed-mode loading (I + II)

to cyclic loads.
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ABSTRACT: A procedure to calibrate the NASGRO equation in a high yield-strength steel
under mixed-mode loading (I+1I) is presented. The calibration consists in obtaining the
material parameters known as C, m, p and ¢. The procedure is based on experimental
and numerical results. The experimental tests were used to characterize the material
and obtain fatigue crack growth data. For the fatigue tests, tapered double cantilever
beam (TDCB) specimens with different maximum load and load ratio values were used.
Through the numerical analysis, the stress intensity factors, the crack growth direction
and the crack path coordinates were calculated. The numerical analysis was performed
using XFEM and the maximum energy release rate criterion. The calibrated model allows
predicting the number of load cycles with an RMS value of less than 5%, compared with
the experimental results.

RESUMEN: Se presenta un procedimiento para calibrar la ecuacién de NASGRO en un acero
de alta resistencia bajo modo mixto de carga (I 4 II). La calibracién consiste en obtener
los parametros del material conocidos como C, m, py q. El procedimiento se basa
en resultados experimentales y numéricos. Los ensayos experimentales se utilizaron
para caracterizar el material y obtener datos del crecimiento de fisuras por fatiga. Para
las pruebas de fatiga se utilizaron probetas tipo doble viga en voladizo con seccién
variable (TDCB), con diferentes valores de carga maxima y razén de carga. Mediante
el analisis numérico se calcularon los factores de intensidad de tensiones, la direccion
de propagacion y las coordenadas de la trayectoria de la fisura. El analisis numérico se
realizé usando XFEM y el criterio de la maxima tasa de liberacién de energia. El modelo
calibrado permite predecir el nimero de ciclos de carga con un valor RMS inferior al 5%,
en comparacion con los resultados experimentales.

must be considered [1]. Several investigations have been
conducted to evaluate, numerically and experimentally,
crack growth direction and crack growth considering
combined mode conditions [2-5]. Other authors
investigated the influence of surface tension on mixed
mode cracks by finite element method [6]. A review of
the different criteria and models to evaluate fatigue crack
growth and crack growth direction has been presented
[7, 8]. In addition, investigations that combine numerical
and experimental approaches have been conducted. For
example, the fatigue crack growth in a cracked gear
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tooth using the NASGRO model and relationships for
mixed mode load was analyzed in [9]. Two types of steels,
austenitic X15CrNiSi25-20 and martensitic X20Cr13, were
investigated in [10]. The authors compared J-integral
values on compact tensile (CT) and single-edge notched
bend (SENB] specimens using finite element analysis.

Other investigations were focused on the development
of procedures and codes to simulate the fatigue crack
growth phenomenon. A program called ADAPCRACK
for crack growth simulation in 3D was developed [11].
Some researchers used the XFEM and applied Paris
Law to evaluate the crack growth velocity and used the
maximum main stress criterion to determine the crack
growth direction [12]. In order to determine the crack
growth direction, several criteria have been proposed,
among them: Maximum Tangential Stress criterion (MTS)
[13], Minimum Strain Energy Density criterion (SED) [14]
and Maximum Energy Release Ratio (MERR] [15]. In the
present study, the MERR criterion will be used. According
to this criterion, the propagation direction coincides
with that in which the energy release ratio (G), given by
Equation 1, maximizes.

Kl + Kl

9 = i3 (1)

Where K79y and Kiy(g) are the stress intensity factors in
mode I and mode II, respectively, as defined by Equations
2 and 3, and F is the Young's modulus.

Kio) = 1 [3cos (§) +cos (§)] Ki— 2
1 [sin (3) +sin (3)] Ku

K = 1 [sin () +sin ()] Ki+
(3)
1 [eos () + 3cos ()] Ku

In terms of fatigue crack growth, four high strength steels
with martensitic structure were studied and the results
were compared with those obtained in other investigations
with similar steels [16]. The authors corroborated that the
values of the Paris Law parameters are similar for this
type of steels. Furthermore, the influence of specimen size
parameters on fatigue crack growth rate was evaluated
for an AISI 4340 steel, concluding that specimen thickness
and width have no significant influence [17]. An empirical
law based on the concepts of Linear Elastic Fracture
Mechanics (LEFM), which is very useful for predicting
the fatigue crack growth in stage II, was proposed [18].
However, there are approaches to predict the fatigue
crack growth rate (da/dN) in the three growing stages,
being the NASGRO equation (Equation 4), one of the most
commonly used [19-22]. This equation incorporates the
effect of fatigue crack closing through the f parameter,
defined in [23], which depends on the amplitude of the

crack opening due to plasticity effects. It also takes into
consideration the effect of the fatigue stress intensity ratio
(R), under constant amplitude loads, C, m, p and ¢ are
empiric material constants, A K is the threshold stress
intensity factor range for fatigue crack growth, Kj¢ is
fracture toughness and AK is the stress intensity factor
range. The factor [(1 — f) /(1 — R)]™ is also known as
velocity factor and takes a value of less than 1 when there
is a crack closure mechanism [24]; otherwise, it takes the

value of 1.
da 1-f (1 — Akzu)P
— = — | AK 4
dN C[(l—R) } {1_ AK ]q N
(17R)KIC

There are some criteria to determine an equivalent value
of the stress intensity factor range when evaluating crack
growth in a component subjected to mixed-mode loading
(I + II). In this investigation, the criteria proposed in
[25] (hereafter referred to as Tanaka criterion) and [26]
(hereafter referred to as Xianggiao criterion) will be used.
Experimental tests in aluminum thin plates with tilted
central cracks, based on [27, 28], were conducted in [25].
The author established an equivalent stress intensity factor
range according to Equation 5, where AK] = Kpnar —
Kimin and AK11 = Kilmaz — Kitmin.

)02 (5)

AKeq = (MK +8AKy!
The model proposed in [29] for the case of cyclic loading to
predict fatigue crack growth in mixed mode, was extended
in [26]. Based on MTS criteria, the authors proposed
Equation 6 to determine the equivalent stress intensity
factor range.

AKey = %COS (g) [AK(1 + cosf) — 3AK7; sin 0]

(6)
Being 0 the crack growth direction, which in turn is
determined as defined in [13] (see Equation 7).

[K1sinf + Ky (3cosf — 1)] =0 (7)

In this investigation, a numerical and experimental
analysis of fatigue crack growth for DIN 1.8721 steel has
been conducted. The purpose of the investigation is to
obtain C, m, p and g parameters of the NASGRO equation
using experimental and numerical data. Taking into
account that the closing effects can be neglected in high
yield-strength steels, in the present work a velocity factor
of 1 is used. In addition, the threshold stress intensity
factor range was set as AKryg = 158M Pay/mm
according to [30]. A microstructural and mechanical
characterization of the steel used was performed. For
the fatigue experimental study, the use of specimens with
a tapered double cantilever beam (TDCB) configuration
was explored. These specimens facilitate obtaining long
and complex crack paths where mixed-mode loading
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conditions are produced. In most of the published
studies, usually with CT and CTS specimens, the cracks
propagate directly to the deflecting hole, obtaining short
paths [5, 31, 32]. TDCB samples were pre-cracked and
then a deflecting hole was drilled in dissimilar locations,
obtaining different propagation paths. In order to obtain
the growth data (Aag, ANg) experimentally, a vibrophore
machine and the digital image correlation technique
(DIC) were used. For the numerical simulation, an
XFEM model was implemented in the ANSYS Mechanical
platform, using APDL macros developed by the authors.
For the calculation of the crack growth direction, the
MERR criterion was used. The stress intensity factors,
the crack growth direction and the coordinates of the
crack path were determined through numerical analysis.
Based on numerical results, the two different criteria
mentioned, Tanaka and Xianggiao, were used to determine
the equivalent stress intensity factor. Thus, by combining
experimental and numerical results, the NASGRO equation
parameters were obtained, as explained in the following
sections.

2. Experimental procedures

2.1 Material characterization

The DIN 1.8721 steel is a low alloy steel with a nominal
carbon content below 0.3%, with very high resistance to
wear and impact, and good workability and weldability. It
iscommonly used in earth moving equipment components,
milling and crushing machines, high throughput dies,
cutting edges, and in welded components which require
high strength and high toughness, such as pressure
vessels. Samples for the different tests were obtained by
machining processes from a plate (Bohler steel Chronit
T-1 500 DIN 1.8721) with a thickness of 16 mm. The
actual chemical composition of the steel was obtained by
optical emission spectrometry using a Bruker Magellan
Q8 spectrometer. The tensile properties were determined
according to ASTM A-370 [33], employing a Zwick Roell
2600 tensile test machine. The steel hardness was
obtained performing measurements according to ASTM
E-18 [34], with a Tinius Olsen durometer. Fracture
toughness testing was conducted according to ASTM E-399
[35], samples pre-cracking was generated with a Zwick
Roell Vibrophore Amsler 150 HFP 5100 machine. Then,
tensile test to rupture was performed with a Zwick Roell
7250 testing equipment. The steel microstructure was
revealed by preparing metallographic samples according
to ASTM E3 [36], and by using Nital chemical etching as
established in ASTM 407 [37].

2.2 Fatigue testing

The samples for fatigue testing were prepared with a
geometry based on the TDCB specimen, modified with
a drilled hole, i.e. deflecting hole, in order to induce
mixed-mode loading conditions (see Figure 1a). Five 12
mm thick samples with different deflecting hole location
were manufactured using the XY global coordinate system
as a frame of reference. Pre-cracking and fatigue testing
were conducted with a Zwick Roell Vibrophore Amsler 150
HFP 5100 machine. Figure 1b shows an actual picture of
one of the samples with the pre-crack.

Ed
32£0.2

Figure 1 Modified TDCB specimen: a) technical drawing; b)
pre-cracked sample picture

The samples parameters for fatigue testing are described
in Table 1. The maximum applied load varies between 5
kN and 12 kN, the load ratio R varies between 1/3 and 3/5,
each sample is subjected to 2 or 3 load steps. The increase
in size crack (Aag), the corresponding number of cycles
(ANEg), and the crack propagation path, were recorded for
each load step.

The crack propagation path was recorded using a
commercial DIC system (GOM Aramis). The DIC system
was made up of two 1624x1236 pixels resolution optical
cameras with 35 mm lens, a measuring distance of 715
mm and a measuring area of 400x300 mm. In order to
determine Aag, the obtained images were inserted in a
CAD software and the crack size corresponding to each
ANpg was measured. ANpg was directly obtained from
the Vibrophore machine software. Figure 2 shows the
experimental set-up for fatigue testing, including the DIC
system.

3. Numerical simulation procedure

The fatigue crack growth simulation was carried out in
ANSYS Mechanical APDL. For this purpose, an XFEM
model was implemented using algorithms (APDL macros)
developed by the authors [38]. A first order quadrilateral
mesh was generated with a significant refinement in the
zone where crack propagation is predicted to occur (see
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Table 1 Samples parameters for fatigue testing

Sample Location of the deflecting hole Test conditions
N° X(mm) Y (mm) Load step Maximumload (kN) R
1 10 2/5
1 40.3 13.5 ) 7 3/7
1 9 1/3
2 45.9 10.4 2 7 3/7
3 5 3/5
1 9 1/3
3 45.4 10.2 2 7,5 1/3
3 6 1/3
1 12 1/3
4 46.1 9.8 2 9 1/3
3 6 1/3
1 12 1/3
5 46 10.2 2 9 1/3
3 6 1/3

Figure 2 Experimental set-up for fatigue testing

Figure 3a). A mesh sensibility analysis was performed in
[38] and it was confirmed that a global element size of
1.0 mm and a refined zone element size of 0.1 mm are
appropriate to register accurate path results. Then, a
pre-crack with the same characteristics as those obtained
experimentally (length and placement] for each sample,
was introduced. To define the boundary conditions,
additional nodes were created at the fixing holes centers,
which were rigidly joined to the portion of each hole that is
in contact with the pin. The central node of the lower hole
was fixed, while the central node of the upper hole was
restricted only in the horizontal direction. The load was
applied in vertical direction in the upper hole central node.
The model was solved in an iterative process, element by
element until reaching the deflecting hole. The values of
K1 and K11 were determined and the MERR criterion was
used to calculate the crack growth direction through each
finite element. Figure 3b shows a representation of the
crack propagation (discontinuous line) across the mesh
elements. The crack passes through points Py, P, and Ps.
The crack growth direction () is determined in the local

coordinate system, which is localized in the crack tip and
is aligned with the crack in the last cracked element.

Boundary
conditions s

Crack trayectory

Boundary

conditions Mesh refinement

2) A b)

Figure 3 XFEM model: a) mesh and boundary conditions; b)
crack representation across the elements

In order to determine the numerical values of K71 and K7,
the interaction (energy) contour integral method was used
[39, 40]. This involves obtaining K7 and Ky numerical
values for several contours. In a similar way to what was
proposed in [41], a preliminary value of K7 was determined
as an average of all contours values without considering
the first two, since they are too close to the crack tip.
Then, the final value of K7, used in the calculation of the
crack growth direction, was set as the one corresponding
to the contour with closest value to the average value. The
value of K1 was obtained from this same contour. Further
details about the implemented algorithms, K71 and Kip
calculation, and crack growth direction calculation, are
described in another article [38].

The numerical results obtained for each cracked element
are registered as indicated in Table 2. The values of Kj
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and K7y in the table represent the maximum values, which
correspond to the maximum applied load. To determine
the values of A K7 and A K7y, the load ratio was used, as
shown in Equation 8.

AKin=(1—-R)Kin (8)

4. Mathematical model calibration
procedure

The objective of the calibration is to determine the values
for the NASGRO equation parameters (C, m, p and ¢) that
guarantee the best approximation of calculated results in
comparison with those obtained experimentally.

Information that allows estimating the ranges of analyzed
parameters values has been found. According to [16], for
high yield-strength steels, the C' parameter value is in the
range of 2.34 x 10711 < C < 5.72 x 10711 (using Aa in
mm and AK in MPay/mm) and the m parameter value is
in the range of 2.13 < m < 2.54. Furthermore, the p and
q parameters values are in the range of 0 < p, ¢ < 1, as
indicated in [19]. The trial and error method has been used
to determine the values of p and ¢, adjusting to the fatigue
crack growth curve [42, 43]. In these investigations, the
aluminum 2024-T351 was analyzed, obtainingp = ¢ = 0.

The procedure for calibrating the mathematical model is
based on the experimental testing and numerical analysis
results, as previously described. The procedure consists
of the following steps:

1. Calculation of the equivalent stress intensity factor
AKeq. The numerical results are used to evaluate the
two criteria defined by Equations 5 and 6.

2. Definition of the preliminary values of the parameters
(C, m, p and ¢, in the recommended ranges, to
perform an initial search. The following values were
defined:

C' =(2.20; 2.60; 3.00; 3.40; 3.80; 4.20; 4.60; 5.00;
5.40;5.80)x 107"
m = (2.00; 2.25; 2.5)
p=1(0;0.25;0.5; 0.75; 1)
q= [U; 0.25; 0.5; 0.75; 1]
All possible combinations with these values are

analyzed, with a total number of 750 combinations per
sample.

3. Application of the NASGRO equation to calculate the
number of cycles according to Equation 9:

1 _AKe |7
(I-R)Krc

ANC = Aa [9]

C(AK)" (1- Akze)”

Where AN, is the number of cycles calculated for
the crack growth Aa through the corresponding finite
element.

. Obtaining of the optimal values for the parameters (C,

m, p and gq).

e Calculation of the number of cycles error for
each sample and all combinations, according to
Equation 10:

Ncr — Ner

(10)
Ngr

error = 100 x

Where Ngp is the total number of cycles
obtained experimentally and N7 is the total
number of cycles calculated.

Ngr = EijANEZ- , j is the number of
steps (j = 2 for sample 1 and j = 3 for other
samples).

Ner = ZikANCi , k is the total number
of cracked finite elements.

e RMS calculation of the error considering all the
5 samples and all combinations, according to
Equation 11:

25 error?
i=1 i

RMSerror =
)

(11)

e The optimal values for the parameters (C, m, p
and q) are defined by the combination in which
RMS¢pr0r value is minimum.

5. Definition of the final values of the parameters (C,

m, p and ¢J, refining the ranges from the optimal
values (op) obtained in the preliminary analysis. The
following values were established:

C = (Cop £0.25) x 10—, 11 values are taken
uniformly distributed within this range.

m = mep & 0.05, 5 values are taken uniformly
distributed within this range.

D = Pop £ 0.05, 5 values are taken uniformly
distributed within this range.

q = qop £ 0.05, 5 values are taken uniformly
distributed within this range.

In a similar way, as in the preliminary analysis, all
possible combinations with these values are analyzed,
with a total number of 1375 combinations per sample.

. To obtain the calibrated values of the parameters (C,

m, p and ¢J, steps 3 and 4 of this procedure must be
executed again.
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Table 2 Numerical results registration template

Crack

Crack

Cracked . Stress intensity Crack . Crack Stress intensity
L. starting ending
finite coordinates factors growth coordinates length factors range
element (mm) (MPay/mm) direction (mm) (mm) MPay/mm
1 Z1 Y1 Ky Km 01 T Y2 Aa;  AKn  AKimn
2 T2 Y2 Kia Kz 02 x3 Y3 Aay  AKp AKn
3 x3 Y3 Kis Kz 03 T4 Y4 Aaz  AKiz  AKns
n Ty Yn KIn KIIn 971, Tn+1 Yn+1 Aan AI(In AI(Hn
Table 3 Chemical composition of the steel DIN 1.8721
(o Si Mn P S Cr Mo Ni Al
0.211 0.367 0.819 0.0161 0.0007 0.316 0.028 0.112 0.062

5. Resulis and discussion

5.1 Material properties

Table 3 shows the chemical composition of the steel
obtained wusing Optical Emission Spectroscopy and
conforms to the designation DIN 1.8721 for a low alloy
steel.

Figures 4a and 4b presents a representative stress-strain
curve obtained for a tensile test sample and a picture of
the microstructure of the tested steel, correspondingly.
The average tensile strength and yield strength were
determined to be 1598 MPa and 1480 MPa, respectively.
The average Young's modulus was 206 GPa. The
microstructure was fully composed of tempered
martensite. The average hardness value obtained was 52
HRC. The fracture toughness was calculated to be 3194
MPa+/mm. The measured mechanical properties and
the observed microstructure are in agreement with a DIN
1.8721 low alloy steel in the quenched and tempered state.

Figures 5a to 5c show images of the fracture surface
of toughness test samples with different magpnifications,
obtained with a Quanta 650-FElI Scanning Electron
Microscope (SEM). A mixed fracture pattern with dimples
and cleavage is observed in the fracture surface. This
mixed fracture pattern is typical in high strength steels.
The presence of circular dimples indicates the loading
mode | predominance, according to ASTM E-399 [35].

5.2 Fatigue crack growth - Experimental
results

Figure 6 shows the crack path experimentally obtained in
each sample after the fatigue test. The pre-crack (PC)
as well as the crack growth by loading step (Aag;) are

labeled for each sample. The crack propagates towards
the deflecting hole in all samples, but some differences
are observed in the crack path due to small deviations of
the pre-crack and different hole locations.

Table 4 shows the experimental results in terms of
total crack growth agr and corresponding total number
of cycles Ngr for each sample. The total number of
cycles (Ngr) is calculated as indicated in the step 4 of
the mathematical model calibration procedure (section 4).
In a similar way, the total crack growth is determined by
Equation 12.

J
ApT = ZA(IEZ‘ (12)

3

It can be observed that the total number of cycles differs
for each sample. This difference occurs due to the different
test conditions for each sample, i.e. number of steps, load
ratioand maximum load. Samples 1, 2, and 3 show a higher
number of cycles than samples 4 and 5, because they
have lower maximum load values. In particular, sample
2 exhibited the highest number of cycles (431871), since
this sample was subjected to higher values of load ratio.
Samples 4 and 5 had similar test conditions, therefore,
they have similar values of number of cycles (201827 and
203206, respectively).

5.3 Fatigue crack growth - Numerical results

Table 5 shows part of the numerical results according
to the developed template (see Table 2). These results
correspond to the optimal combination of the preliminary
analysis in sample 1. Although it is a small part of the
results, it can be seen that Ki; presents predominantly
negative values and, consistently, 6 presents positive
values, which means that the crack pathis increasing. This
trend is similar for most of the crack path in all samples
(see Figure 7). In samples 2, 3 and 4, the crack path has
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Figure 4 Tested steel characteristics: a) stress-strain curve obtained from tensile test; b) microstructure

Figure 5 SEM images of the fracture surface from the toughness test samples: a) 300X magnification; b) 1064X magnification; c)

2100X magnification

Table 4 Experimental results of fatigue crack growth

Samples AG,E]_ [mm] AaEz (mm] Aa,E3 [mm] agET [mm] NET [mm]
1 15 6.6 - 21.6 293971
2 15 8 3 26 431871
3 16 10 3.5 29.5 302727
4 12.6 1.7 2.6 26.9 201827
5 12.5 1.4 2.2 26.1 203206

a small tendency to decrease, so the sign of # changes to
negative.

5.4 Comparison between numerical and
experimental results

A quantitative comparison between numerical and
experimental results in terms of the total crack growth

is presented in Table 6. The absolute error is very small,
less than 1% in all samples, with the exception of sample 4
whose absolute erroris 2.6%. In this table, the total crack
growth is determined by Equation 13.

k
act = Z Aay
i

Figure 7 presents an overlap of the fatigue crack paths

(13)
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Sample 1

Sample 5 "<

obtained experimentally (continuous red line) and those
obtained by numerical simulation (dashed black line).
These paths have been plotted in the global coordinate
system indicated in Figure 1a. Each path includes
the pre-crack (approximately 8 mm length) and the
propagation path to the deflecting hole. It can be
appreciated that there is a good correlation between
numerical and experimental results. The best fit was
obtained for samples 1 and 3, with R? correlation
coefficients of 0.9928 and 0.9970 respectively.  The
smaller correlation coefficient was obtained for samples
2 and 4, with correlation coefficients of 0.9428 and
0.9552 respectively. The difference may be caused by
microstructural defects of the material, such as inclusions,

Sample 4

Figure 6 Pre-crack and propagation steps in all samples (1 to 5)

grain boundaries and sliding planes, which could randomly
deflect the crack propagation path [44, 45].

5.5 Mathematical model calibration

The numerical results are post-processed to determine
AK,, through Tanaka and Xianggiao criteria, according
to developed calibration procedure. Then, the number of
cycles to crack each finite element is calculated using
Equation 9. In Table 7, a portion of obtained results is
shown, including the studied parameters (C, m, p and
q), which values are changed according to the defined
combinations.  The results shown correspond to the
optimal combination of the preliminary analysis for
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Table 5 Typical numerical results of fatigue crack growth (Sample 1)

Element _ %1 Y1 K; Ky 0 T2 Y2 Aa AK; AKjy
(mm) (mm)] (MPaymm) (°]  [(mm) [(mm) (mm] (MPa./mm)
1 18.00 0.31 92638 -7.39 0.91 18.11 0.32 0.11 555.83  -4.44
2 18.11 0.32 92789 -5.71 0.71 18.22 0.33 0.1 556.73  -3.43
3 18.22 0.33 92926 -1.37 0.17 1830 0.34 0.07 557.56 -0.82
4 18.30 0.34 931.15 -0.51 0.06 1833 0.34 0.04 558.69 -0.31
5 18.33 0.34 930.67 -1.94 0.24 18.44 0.35 0.1 558.40  -1.16
6 18.44 035 931.78 -0.57 0.07 1855 0.36 0.1 559.07 -0.34
7 18.55 0.36 93298 -2.50 0.31 18.67  0.37 0.1 559.79  -1.50
8 18.67 0.37 934.12 1.73 -0.21  18.78 0.38 0.1 560.47 1.04
9 18.78 0.38 935.02 -0.02 0.00 18.89 0.40 0.1 561.01 -0.01
10 18.89 0.40 93598 -0.19 0.02 18.92 0.40 0.03 56159 -0.1M
242 3590 9.18 16705 -2.84 0.19 36.02 9.29 0.16  954.58 -1.62

Table 6 Comparison between numerical and experimental

results
Samples agr (mm) acr(mm) error(%)
1 21.6 21.8 0.93
2 26 25.8 -0.77
3 29.5 29.6 0.34
4 26.9 26.2 -2.60
5 26.1 26.3 0.77

sample 1. It can be observed that the results of AK,, are
practically identical for the two used criteria. Therefore,
the results of AN, are the same according to both criteria.

For each sample, the total number of cycles (Ngr) is
calculated as indicated in the step 4 of mathematical
model calibration procedure (Section 4). Table 8 shows
this value for the optimal combination of the preliminary
analysis in sample 1, as well as the absolute error
according to Tanaka and Xianggiao criteria. For this
sample, the absolute error is small (2.15%), but is greater
for the other samples.

The results of the preliminary analysis yielded the
following optimal values of the parameters under study:
Cop = 3.0 x 1071, my,, = 2.25, pop, = 0 and g,p = 0.
According to the established procedure, the values
considered for the final analysis were:

C =(2.75; 2.80; 2.85; 2.90; 2.85; 3.00; 3.05; 3.10; 3.15;
3.20; 3.25)x 107"

m =(2.15; 2.20; 2.25; 2.3; 2.35)
p = (0; 0,025; 0.05; 0.075, 0.10)
q = (0; 0,025; 0.05)

Table 9 summarizes the results of the preliminary and
final calculations of the parameters C, m, p and ¢, as

well as the absolute error of the calculations with respect
to the experiments and the corresponding RMS value.
It is observed that the absolute error is lower in some
samples from the preliminary analysis compared to
the final analysis; however, in correspondence with the
optimization criterion used, the RMS is lower in the final
analysis. As already mentioned, the results using the two
criteria to determine the equivalent stress intensity factor
are the same.

It is important to mention that the optimum value of C
obtained with the proposed procedure is within the range
established experimentally in [16] for high yield-strength
steels, while the optimal value of m coincides with that
suggested by the same author. On the other hand, the
optimal values of p and g are equal to zero, because the
experimental data used for calibrating the model are in
the stage II of the fatigue crack growth.

Finally, Table 10 presents a comparison between calibrated
model and experimental results in terms of the number
of cycles. There is a good correlation between calculated
and experimental results, with an absolute error in the
range of 1.91% to 6.34%.

6. Conclusions

A procedure to calibrate the NASGRO equation using
experimental and numerical data has been proposed. The
procedure is particularly useful when the experimental
values of C' and m are not available. If the values of
C and m are known, the procedure would be equally
useful for determining p and q. The procedure validity
has been demonstrated since the optimal values found
for C' (2.95E-11) and m (2.25) are in correspondence
with those obtained experimentally by other authors.
This investigation proposes using numerical simulation,
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Table 7 Post-processed results (Sample 1)

C=3x10"1"T p=0 Kic = 3194MPay/mm
m = 2.25 qg=0 AKrp = 158MPay/mm
AKq, = 158MPay/mm AN, (cycles)
Element Tanaka Xianggiao Tanaka Xianggiao
1 555.83  555.88 2465.09  2465.09
2 556.73  556.77 2460.43 2460.43
3 557.56 557.56 1614.89 1614.89
4 558.69 558.69 834.41 834.41
5 558.40  558.41 2446.27  2446.27
6 559.07  559.07 2439.75  2439.75
7 559.79 559.80 2434.43  2434.43
8 560.47 560.47 2425.69  2425.69
9 561.01 561.01 2419.89  2419.89
10 561.59  561.59 66212 66212
242 954.58 954.58 1074.25 1074.25
Table 8 Calculated fatigue crack growth results
Tanaka error (%) Xianggiao error (%)
Ner (cycles)  300286.7 2.15 300286.7  2.15
Table 9 Parameters optimal values, absolute error and RMS results
Criteria Analysis C m p q P1error P2error P3error P4error P5error RMS
(%) (%) (%) (%) (%) (%)
Tanaka Preliminary 3.00E-11 225 0 0 2.15 -7.90 3.36 -3.96 -3.55 4.62
Final 2.95E-11 225 0 0 3.88 -6.34 5.12 -2.33 -1.91 4.25
Xianggiao Preliminary 3.00E-11 225 0 0 2.15 -7.90 3.36 -3.96 -3.55 4.62
Final 2.95E-11 225 0 0 3.88 -6.34 5.12 -2.33 -1.91 4.25
Table 10 Calibrated model results and errors
Ncr leycles) Ner lcycles)  error (%)  error (%)
Samples  Npr (cycles) Tanaka Xiangqiao Tanaka Xiangqiao
1 293971 305376 305376 3.88 3.88
2 431871 404492 404492 -6.34 -6.34
3 322727 339235 339235 5.12 5.12
4 201827 197122 197122 -2.33 -2.33
5 203206 199315 199315 -1.91 -1.91

in combination with the NASGRO equation, as a tool to
analyze the fatigue crack growth under the action of a
mixed-mode loading (I + II). By means of numerical
simulation, it is possible to obtain precise results of the
stress intensity factors and the crack path, while with the
NASGRO equation, a good estimation of the number of
load cycles is achieved.

The post-processing of the numerical results to calculate
the range of the equivalent stress intensity factor in
mixed-mode loading (I + II) showed that Tanaka and
Xiangqgiao criteria resulted in virtually the same values.

Since Tanaka criterion has an empirical formulation and
Xianggiao criterion is based on the maximum tangential
stress theory, the reasons for the great similarity between
their results have not been established. In this sense, it is
more practical to use Tanaka criterion for this application,
since it only depends on the ranges of the stress intensity
factors AK7 and AK7yp, while Xianggiao criterion also
depends on the crack growth direction 6.

11
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