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ARTICLE INFO ABSTRACT

Keywords: Low-cycle fatigue damage is examined using a specific theoretical Stage II crack growth model,
fatigue adapted to series 300 austenitic steels. This method builds upon previous 3D Dislocation Dynamics
stage II cracks (DD) studies, deriving an expression for crack growth rate (da/d N) that incorporates the cyclic
dislocations plasticity mechanisms governing grain-scale Crack-Tip Opening Displacement (CTOD). The
stochastic life prediction objective of this research is to assess the efficacy of this particular model in predicting Stage
316L stainless steel II crack growth across macroscopic poly-crystals. The transition from microscale (grain) to

macroscale is facilitated through a distinct procedure, which involves systematic variation of
the sub-grain model inputs using relevant polycrystalline EBSD data. The outcomes of these
calculations are presented as fatigue crack growth rate plots and fatigue lifetime plots. The findings
align with pertinent experimental observations within the LCF regime, both in terms of absolute
values and variability. The methodology employed here seeks to provide robust quantitative data
to bolster fatigue design activities, particularly within the context of fusion reactor technology.

1. Introduction

Structural nuclear materials including series-300 steels are exposed to fatigue loading conditions. In such materials,
fatigue damage usually evolves according to the following course of events. Cyclic first gives rise to strain localization in
the form of persistent slip bands (PSBs) [1-3]. Active PSBs generate irreversible surface displacements called persistent
slip markings (PSMs). PSMs may take the form of extrusions that keep growing during Stage 0, up to the nucleation of a
(sub-micron) crack-like discontinuity. Such initial defects then develop and cut through the primary grains during Stage
I, up to the first microstructural barrier (grain boundary). Stage I crack propagation mainly occurs at the PSB-matrix
interface [3—5] or within the PSB itself [5, 6], i.e., parallel to a specific crystallographic slip plane [7]. Stage I cracks
getting past the first barrier become Stage II cracks, which then grow up to the complete specimen failure.

Stage II fatigue cracks and related cyclic plasticity mechanisms were investigated under various realistic grain-scale
configurations, using dislocation dynamics (DD) simulations [8]. These investigations return da/d N expression similar
to the Paris’ law; albeit working with a set of physical variables instead of the usual empirical coefficients (see section
2.1). Our goal in this work is to evaluate the ability of that particular model to predict Stage II-related low-cycle
fatigue lifetime at the scale of macroscopic poly-crystals. The scale transition from crack-tip plasticity to macro-scale
poly-crystals is here addressed using a specific calculation procedure; where the input model variables are systematically
varied according to applicable EBSD data (grain size and orientation). The present modeling effort is more generally
aimed at assisting the fatigue design whenever the supporting data is inaccessible or unavailable.

This paper is organized as follows. Section 2.1 recalls the principles of our specific Stage II crack propagation model
and the physical interpretation of its constitutive parameters. Section 2.2 presents the calculation method treating the
crack-tip to poly-crystalline scale transition in terms of fatigue damage. The corresponding model evaluation results are
presented in section 3, in the form of theoretical a — N,da/d N — AK and fatigue lifetime versus load plots. The effect
of a broad range of loading conditions on Stage II propagation is evaluated by comparison with applicable experimental
evidence, each time possible.

*Corresponding author
Email address: yang-zhenyu@outlook.com (Z. YANG)
ORCID(s): 0000-0001-5480-7123 (Z. YANG)

Z. YANG et al.: Preprint submitted to Elsevier Page 1 of 13



Fatigue lifetime stochastic evaluation

2. Simulation methods

2.1. Fatigue lifetime model based on dislocation-mediated cyclic plasticity mechanisms

This paper features an original stage-II crack propagation model, accounting for dislocation-mediated plasticity
mechanisms revealed by prior, three-dimensional (3D) dislocation dynamics (DD) simulations [8—11]. Those specific
investigations provide invaluable insight into the local, grain-scale dislocation displacement and multiplication
mechanisms pertaining to grade 300 austenitic steels. One typical, three-dimensional DD simulation setup utilized is
shown in Fig. 1 below, which explicitly combines:

i asetof (two) free surfaces inserted in a grain, embedded in an elastic matrix representing the surrounding, un-cracked
grain matrix or medium,
ii a heterogeneous, crack-induced stress field (not shown) [6],
iii a set of random dislocation sources placed at a short distance ahead of the crack tip surfaces [7]. These sources
produce plastic strain everywhere in the grain (owing to dislocation multiplication and subsequent glide), including
in the crack tip region.

grain boundaries crack surfaces tensile stress, plastic strain = 0

\ _ .
cycle-2 cycle-4

crack tip crack-tip related dislocations crack tip

Figure 1: Dislocation-mediated cyclic plasticity mechanisms associated with Stage Il cracks. The simulation setup presented
is representative of a 3D Stage Il crack microstructure. The simulation shown is carried out in under imposed plastic strain
range 2 x 10~* using symmetrical (R = —1) loading conditions. The snapshots shown are taken at different cycle numbers,
at exactly the same reference plastic strain conditions, for accurate evaluation of the surface displacement time evolutions.
Such surface displacement maps are used to develop the CTOD expressions Eq. (1) - Eq. (3) used in this paper.

The above-described DD investigations are carried out with a view to accurately map out the crack-tip displacements
field and its evolutions with the number of fatigue cycles, using the calculation method prescribed in [12]. It is thereby
found that tip-related cyclic plasticity is mostly homogeneous and usually involves multiple slip systems, up until the
crack-tip approaches the grain boundary barriers (a, /D, > 0.8 — 0.9 where a, is the crack length in the grain containing
the crack tip). The crack-emitted dislocations then strongly interact with the grain boundaries, which transiently affects
the crack growth rate [7, 11].

Additional DD investigations were undertaken with a view to developing an innovative, physically-based Stage
II crack growth model. These investigations treated two important scale transition effects. The first one considers the
grain scale stress-strain state conversion into micro-scale, crack-tip displacements, which can be accurately described
using Eq.7 from reference [8]. The second scale transition regards the crack-tip-related strain transfer to macroscopic
plastic strain noted as A€, ;.1 = A€ aero- This effect can be described using Eq. 9 in reference [8], where Ae, 100
asymptotically tends to a finite, minimal value as A€, 4./, Vanishes. The latter expression is established by comparing
the cyclic stress-strain response of cracked versus uncracked grains, using different (with and without crack) DD
simulation cases [13]. Combining Egs. (7) and (9) from reference [8] allows obtaining a general CTOD description
applicable to Stage II crack propagation, including macroscopic loading variables and relevant microscopic physical
parameters. That expression writes (see also Table 1 and the following text below):

da

_ 2 2
—N = CAKLF M
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Table 1
Material constants for fatigue life prediction in grade 300 austenitic steel.
Parameter Value Physical meaning
S 0.66 The grain shape factor applicable to equiaxial grains [14]
u 8.4 x 10 Pq Shear modulus
v 0.3 Poisson's ratio
A 25 the (dimensionless) number of active (mobile) dislocations
in an r, large crack-tip process zone [15]
b 2.5%x107%m Burgers vector
0oit(Dgs MG, Vi) | 14.4 M Pa Critical nano-cavity nucleation stress at the crack tip, used
to calculate N; and detailed in [8], section 4.2
Yours 1.3x1073 J /m? | Surface energy, environment and temperature dependent
AK, 1 M Pa\/m Reference unit stress intensity factor, its value is fixed to
1 M Pay/m

where AK,,, = 0,,,\/7a whereas:
D
€=t @
zro(EE)AdappNi
and
L u
ro(<—=)Ao,
F=_.|1- exp(M Ab 3)

Kg 2D,
The physical interpretation of the variables appearing in Eq. (2) and Eq. (3) is as follows:

e C (in M Pa~? units) characterizes the material resistance against the crack front extension.

e F is a dimensionless efficiency factor, tuning the local (grain-scale) crack growth rate since AK? F? =

app
Ao-ﬁppzraF 2 is proportional to the elastic energy driving the crack growth.
® A€, uacro 18 the applied plastic strain range (tension plus compression)
e Ac,,, is the applied stress range, calculated from the Ramberg-Osgood relation according to A€, uqcro-

e D, is the effective grain size in reference to Fig. 2.

e N, is the time to initiation of a micro-cavity (in cycles) at the tip of the crack from solving Eq. (4). Quantity N,
directly tunes up the number of cycles for the crack to grow by one CTOD-wide strip deeper and therefore, the
material’s resistance to crack extension. Additional qualitative explanations are given in the following paragraphs
whereas a thorough quantitative application is presented in [8].

The above-listed variables generally depend on either the loading conditions or the evolution of the grain-scale
microstructure. The (invariable) material constants used in the model are listed in Table 1.

It is important to note that the dislocation-mediated slip irreversibility (from 1% to about 5% based on DD simulations
from [14]) appears much too small to explain the crack growth rate observed in 300-series steels [8]. This outcome
points to an alternate crack advance scenario including the sudden, periodic emission of nano-cavities in the crack-front
region [11] following a similar idea presented in [16] and further explored in Section 3.8 of [17].

It is important to note that, the above crack growth scenario is entirely compatible with the formation of fatigue
striations in the fracture surface [18], since N; >> 0.25 (i.e. much longer than one tensile or compressive stroke, as
discussed hereafter) and nano-cavity size a << striation-width (i.e. typically several microns). In these conditions,
multiple surface step-in and step-out sequences occur in the crack tip region before any permanent crack advance
actually takes place. Step-out events are concurrent with the absorption of various molecules (H,0, N,, O,, H,,
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etc) present in the testing environment (e.g. in air, at room temperature). The subsequent step-in occurrence (upon
load reversal) then assists the adsorbed molecule transport inside the crystal, thereby causing the embrittlement of the
step-in/step-out region. Reversible step-in/step-out sequences thus proceed until a permanent nano-cavity is initiated,
somewhere along the crack front. The newly nucleated nano-cavity then promotes the rapid de-cohesion of the much
larger, adjacent brittle region, whereas a sharp striation contrast is produced in the fracture surface, in concurrence with
the emission of a strong acoustic signal [19, 20]. That scenario explains how a sharp, discontinuous striation contrast is
produced together with continuous, reversible dislocation glide characterizing low-SFE metals (including series 300
steels). This nano-cavity formation mechanism is noteworthy not equivalent to striation formation itself but rather, with
striation initiation. The present sequence of events is also coherent with a marked difference in crack propagation rate
for experiments of fatigue in air and vacuum [21-23].

Nano-cavity nucleation is, in principle, a highly non-equilibrium phenomenon with complex spatiotemporal character
[24]. The present, simplified approach is based on detailed, sub-grain scale stress-energy evolution analysis showing that
stress-energy conditions compatible with cavity nucleation are periodically satisfied, within the dislocation sub-structures
of a persistent slip band [17]. In our model, the rate of micro-cavity nucleation directly affects the Stage II crack growth
rate through quantity N;. In practice, quantity N, is evaluated during each cycle using the following stress-energy
balance equation:

(06in,(Dg,

BN = (D Aoy o) @)
ON i crit\*Fg app> {surf

(o)) +
e Quantity 6,,;,(Dg, Ay, Vs p) is evaluated using Griffiths’ expression and interpreted as the effective, critical
nano-cavity nucleation stress depending on critical surface energy y,,, s [25-28];

e 0y = 0 (once formed, the nano-cavity is permanent)

e 00;,(D,, Ac,,,)/0N the internal stress rate of evolution due to crack tip plasticity mechanisms (see Table 1).

app

e Quantity d0;,/(D,, Ac,,,)/ON depends on equivalent dipole height evolution dy/d N. Both quantities can
be evaluated using DD simulations, returning do;,;(D,, A JON =5—12 MPa/cycle and dy/dN =
1.5—=6nm/cycle [11].

Capp)

The above parameters all depend on the grain size D, and the loading condition, they will be evaluated at each cycle
and produce a different N; for each fatigue cycle.

2.2. Experimental data for stochastic fatigue lifetime evaluation

This Section presents the supporting data allowing Stage II crack growth description/prediction at the macroscopic
scale. In practice, the Stage II crack growth rate is evaluated by varying Egs. (1) to (4) entries according to grain size
and grain orientation data collected in an actual grain aggregate c.f. Fig. 2. The effective grain size assigned to each
EBSD data point is: D;f F'=Mm, 00 Where M is the number of consecutive measurements yielding 8 < 5° along a given

raster scan line (horizontal X-axis in Fig. 2a) and 6 = 0.5 um is the measurement step. It is assumed that D;f T is a fair
approximation of the (maximal) gliding distance of dislocation lines sitting in a given grain, at or near the calculation

¢/7 unless otherwise specified.

point considered. In the rest of the paper, reference to grain size will regard to D,

3. Results

This Section presents Stage II crack propagation calculations applicable to typical series 300 steel, polycrystalline
aggregates. An effective grain size is initially attributed to each EBSD measurement point or data pixel. It is then
assumed that stage II cracks cut through the grain aggregate along the EBSD scan lines, i.e., perpendicular to the
loading axis (along AB or CD segments, for example: see Fig. 2a), in agreement with corresponding observations (c.f.
uni-axial fatigue tests). We then calculate the number of cycles corresponding to each crack length increment using
Eqgs. (1) to (4) using the materials parameters listed in Table 1 below, for typical experimental fatigue cases.

Acceleration and deceleration of the individual crack growth rate is visible in Figs. 3a and 3b and is directly ascribed
to the local grain size and orientation variations, as Stage II cracks grow and cut through the polycrystalline aggregate.
Namely, Stage II cracks grow faster where the effective grain size is larger and conversely slower where the active or
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Figure 2: Model grain aggregate used for stochastic fatigue lifetime prediction. (a) Typical surface grains aggregate of a
grade 300 austenitic steel specimen. Markers A-B and C-D show two possible crack propagation paths, consistent with the
loading axis indicated. (b) Effective grain size distribution of the above-displayed grain aggregate.

resisting grain size is smaller (compare Figs. 3a and 3b). This means that poly-crystalline grain size and orientation
dispersion itself possibly have a major effect in terms of Stage II crack-growth scattering.

We then attempt to evaluate the crack growth rate scattering effect accounting for a macroscale grain aggregate in a
broad range of loading conditions (Ae, varies from 10~ to 1072) in symmetrical tension-compression R = —1. The
corresponding stress range is calculated using the cyclic stress-strain curve applicable to 316L stainless steel, including
both the tensile and compressive parts of the fatigue cycles. In practice, Stage II crack propagation through a grain
aggregate c.f. Fig. 2a is evaluated using the calculation procedure detailed in Fig. 4 below.

The adopted calculation procedure also implicitly assumes that:
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Crack length evaluation along A-B, As, = 1e-03, Ag/2 =175 MPa
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Figure 3: The solid orange symbols indicate the size of the grain being cut by the crack tip, at a given number of cycles.
The solid purple curve indicates the corresponding crack length, at the same number of cycles. It is interesting to note the
correlation between the grain size changes and the significant corresponding crack growth rate variations. (a) Crack length
evolution along individual crack path A-B shown in Fig. 2a. (b) Crack length evolution along individual crack path C-D
shown in Fig. 2a.

1. plastic strain range Ae,  and related applied stress range Ao, remain constant as the cracks grow along their
pre-assigned paths, throughout in the grain aggregate.

2. each calculated crack path is independent, i.e., the actual crack-to-crack distance is large enough to prevent mutual
elastic interaction everywhere in the grain aggregate.

3. the mutual grain-to-grain interactions effect on Ao, are negligible, which implies that grains of identical size,
geometry, and orientation undergo the same tip-related plasticity mechanisms regardless of the neighboring grain
environment. The grain environment effect can be regarded as short-ranged applied stress perturbation in the
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start

input loading conditions: Ae, and EBSD map [(Dy);]

v

initiate ag, (Dg)o, No atstepi = 0

v

calculate dNN; based on a;, da and (Dg);+1

v

Nit1 = N; +dN;

v

@;+1 = a; + da and read (D)1 based on a; 11

N
Y

=141 <N

save results [IV;] and other intermediate variables

end

Figure 4: Detailed calculation procedure allowing the micro to macro scale transition. The flow chart shows the calculation
procedure for a single crack path which is repeated for each pre-assigned crack path in the grain aggregate. Note that the
calculation step is not based on the number of cycles increment d N but on the crack length increment da.

crack-tip region. Perturbation amplitude no larger than 40% of the primary stress and has practically no effect on
the cyclic plasticity evolution at the sub-grain scale [17]. The results thus support neglecting the mutual grain
incompatibility effect in the particular context of crack tip plasticity.

Standard crack growth versus load plots or 44 _ AK are then generated and compared side by side with corresponding
observation results (see Fig. 5). The main fatigue data validation set shown in Fig. 5 and Fig. 6 is obtained using the
"FABIME" testing device [29], which utilizes quasi-structural disk specimens (diameter = 170 mm, 2 mm thickness in
central gauge region) subjected to alternating bending displacements (e.g. total imposed strain conditions). The present
FABIME tests are carried out at room temperature using an optically transparent and chemically inert oil as a working
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fluid. Symmetrical disk bending displacement amplitudes up to 2.75 mm are applied, with corresponding strain ratio
R = —-1and A¢, = 9.6 X 1073, The tests were interrupted every 500 cycles for the evaluation of the surface crack
length a (resolution limit is 50 um). The test ran up to 19680 applied cycles yielding multiple crack development, in the
specimen gauge section [30].

The equivalent stress range Ac,,, acting in the specimen surface is evaluated using elastoplastic FEM fatigue
calculations in consistence with the test condition executed [31]. It can be shown that the measured crack growth rate
(see Fig. 5) is consistent with the Paris’ rule description, using the room temperature empirical coefficients of series-300
steel and AK = W [32]. That simplified load evaluation method applies to a surface crack density < 10 — 15%
(in the percentage of cracked surface grains); crack length a > 50 um(i.e. 1 — 2 times the grain size); while the 3D
crack front remains mostly semi-circular [33].

Our model correctly captures both the average crack growth rate and crack growth rate scattering observed in the
indicated experimental conditions. Fig. 5 includes up to 30 different cracks analyzed at up to 40 FABIME test arrests.
The model results closely follow the validation test results over a broad range of stress intensity factors and crack length
ranges, which strongly supports the Stage Ii scenario proposed in Section 2.1 and the related physical (not adjusted)
parameters listed in Table 1. The calculation results are generally conservative, especially for K > 10 M Pa\/ﬁ as
shown in Fig. 5.

Crack growth rate - stress intensity factor

104 ®

O model results M

=m model results trend line 69

® refl - (Kamaya et Kawakubo, 2012) e ©) Y

B ref2 - (Gourdin and Perez, 2020) Y
@ 103
(8]
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£
%:T% v
[}
4@ 102_
e
+
3
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° e 90 ® L u ..
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o0 O 4 o l
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Stress intensity factor AKpp(MPavm)

Figure 5: Stage Il crack growth rate versus stress intensity factor. The open symbols are modeling results; the solid symbols
represent two distinct sets of experimental results [30, 34]. The dashed line corresponds to the average, modeling trend
curve. The model allows predicting both the average crack growth rate and scattering, in consistency with corresponding
experimental evidence. The modeling trend curve (dashed line) cuts the Stage Il limit at 4 —5 MPa\/Z in agreement with
the stress intensity factor threshold of Stage Il crack growth of series 300 steels.

One crack size a versus N evolution example considering every potential crack propagation path (or EBSD data
line) is then shown in Fig. 6. These calculation results allow calculating the fatigue lifetime contribution associated
with Stage II crack propagation. The fatigue lifetime here is simply set equal to the number of cycles to achieve a crack
propagation range! @ = 1000 um.

I'This value is somewhat arbitrary, though taking a larger a,,;, range yields minimal fatigue lifetime change.
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Figure 6: The crack depth versus the number of cycles along different crack paths. The thin dashed lines correspond to
individual crack-path propagation cases. The calculation results are consistent with the experimental FABIME results [29].

The theoretical fatigue lifetime results are then plotted with respect to various total applied strain range levels
and further compared with applicable datasets [34—37], in Fig. 7. Stage II-related fatigue lifetime and its scattering
markedly increase with decreasing loading levels, considering the logarithmic scale utilized. This well-known trend
actually reflects the non-linear grain size and orientation effects implied by Eq. (3). Theoretical Fig. 7 results are
consistent with their experimental counterparts for loading amplitude sitting above a critical value (N < 10* cycles
or Ae, > 7 X 1073 yielding 50% failure probability). The calculation results markedly deviate from the reference
datasets, however, for decreasing loading amplitude. We therefore conclude that the fatigue lifetime (laboratory test
specimens case) is crack-propagation-controlled for Ae, > 6 X 1073 and crack-initiation-controlled for Ae, <4 X 1073,
In the intermediate crack load range, the fatigue lifetime is controlled by both crack initiation and propagation. Fig. 7
results thus highlight a major transition effect, that can significantly influence the applicable fatigue design procedures.
Components including initial crack-like defects (like machining marks for example) bear negligible Stage 0 and 1
(crack initiation) contribution, for example. In that case, the corresponding fatigue lifetime is mostly crack-propagation
controlled and follows Fig. 7 simulation results (open red symbols), rather than the usual fatigue dataset (solid symbols).

4. Conclusions

The fatigue lifetime contribution of Stage II crack growth is here evaluated based on its governing plasticity
mechanisms. Our approach allows direct comparison with various sets of applicable experimental data obtained on
macroscopic specimens.

Stage II crack growth rate da/d N is evaluated based on the cyclic plasticity mechanisms controlling the crack-tip
opening displacements (CTOD) and tip-related, nucleation of nano-cavities (see Section 2). The micro (single grain)
to macro (poly-crystal) scale transition is implemented by applying systematic variations of the model entries from
applicable EBSD data (maps). The main conclusions drawn from the present theoretical investigations are as follows:

e Our Stage II crack model combines continuous, tip-related plastic glide and the periodic, discontinuous nucleation
of nano-cavities along the crack front. That scenario is fully compatible with (discontinuous) striation contrast
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Figure 7: Stage Il related contribution to fatigue lifetime versus total strain range in a poly-crystalline series 300 steel.
The three represented curves are associated with 1%, 10% and 90% failure probability respectively. The solid symbols
correspond to experimental measurements from macroscopic fatigue tests in [34-37].

in the fracture surface and strongly supported by corresponding validation results, over a wide range of crack
lengths and loading amplitude (c.f. Fig. 7).

e Theoretical Stage II fatigue lifetime amplitude and related fatigue lifetime-scattering increase with decreasing
plastic strain range A¢,,. These calculation results are again consistent with well-known experimental trends;
which we ascribe to the non-linear crack-tip opening displacement dependence on Ae, and D, implied by Eq. (1).

e The grain-to-grain size D, and disorientation variations along the theoretical crack paths appear to be the main
contributing cause for the crack growth rate da/d N scattering.

e Our calculation results highlight a major transition effect: the fatigue lifetime is crack-propagation controlled
above Ae, =7 X 1073 and crack-initiation controlled below Ae, =7 x 1072

o Stage II lifetime results (c.f. Fig. 7 open red symbols) are directly applicable to components including initial
crack-like defects. This is a major consequence in terms of fatigue design practices, in the context of fusion
reactor technology.

Unlike many fatigue life models, our computational approach also allows for generating fatigue design data applicable
to various practical situations, including temperature evolutions and different environment mediums (vacuum, corrosive
atmospheres, etc). For example, a cohesive energy (parameter y,, ) increase would produce a slower crack propagation
rate and a correspondingly longer fatigue lifetime.

Our model involves very modest calculation resources while providing a comprehensive estimation of the fatigue-life
governing causes, especially in cases where laboratory testing is unavailable or prohibitive. This work is adapted to
austenitic stainless steels but can also be adapted to various alloys including tungsten and ferritic steels, representing
important classes of structural nuclear materials.
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