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Fatigue failure of crystalline materials is a difficult problem in science and engineering, and recent results have
shown that fatigue crack growth can occur in intermittent jumps that have fat-tailed distributions. As fatigue crack
propagation is known to leave markings—called striations—on the fracture surface, the distances between these
should also have fat-tailed distributions if the crack propagation is intermittent. Here, we combine macroscale
crack tip tracking in fatigue crack growth measurements of aluminum 5005 samples with postmortem scanning
electron microscopy imaging of the striation lines. We introduce two different methods for extracting the striation
line spacing from the images. What we find is a similar distribution of striation spacings as jump sizes using one
of our methods, but the average striation spacing does not correlate with the crack growth rate. We conclude that
we observe avalanchelike crack propagation, reflected in both the macroscale crack tip tracking as well as the
analysis of the fracture surfaces. Our results show that the fracture surfaces can be used to study the intermittency
of fatigue crack propagation and in development of crack-resistant materials. The advantages and disadvantages

of the two methods introduced are discussed.

DOI: 10.1103/PhysRevMaterials.7.053602

I. INTRODUCTION

Fatigue is an important physics problem on multiple scales,
ranging from the atomistic to the failure of engineering struc-
tures. Fatigue failure of ductile materials [1], such as metals,
can be studied in laboratory conditions by tracking the macro-
scopic crack growth using various methods, but in engineering
applications this is rarely a possibility. Instead one might have
to rely on an analysis of postmortem fracture surfaces [2] to
gain useful insights into the fatigue failure processes. How-
ever, the stochastic nature of some microscopic observables
raises questions about the predictability of crack growth. An
obvious question is then, can one connect the statistics of
microscopic observables to the behavior of the macroscopic
crack growth rate?

The macroscopic crack growth rate can be observed with
various methods, and one can then fit crack growth laws, such
as the Paris-Erdogan law [3],

da _ o agm )
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where a is the crack length, N the number of loading cy-
cles, C is a material-specific (and loading-specific) constant,
AK is the stress intensity factor (SIF) range, and m is the
material-specific (and loading-specific) crack growth expo-
nent. The SIF range can be written in terms of the peak SIF
AK = (1 — R)Kyx using the stress ratio R = Kpin/Kmax- The
power-law form of Eq. (1) points to the direction of apparent
self-similarity [4,5] of fatigue crack growth.

The determination of the crack length and therefore the
crack growth rate is in most cases difficult, and the methods
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used are either prone to errors or reduced to consider only one
corner of the crack. Fractography provides an alternative look
into the same problem, from the viewpoint that the topography
of a postmortem fracture surface is a characteristic of the
sample microstructure and the test conditions [6], such as the
different stages of crack propagation [7-10]. Extraction of
features and characteristics of the fracture surface, so called
quantitative fractography [11], enables the study of the sizes,
shapes, orientations, and other measurable values related to
the features.

For fatigue, the most important surface features are the
periodic traces—initially reported as “platy patterns” on the
fracture surface [12] observed at a high magnification using
scanning electron microscopy (SEM). These traces were orig-
inally called slip bands by Thompson and Wadsworth [13]
and later striations by Nine and Kuhlmann-Wilsdorf [14].
The striations are lines generated by the advancement of the
fracture line, and they are generally suggested as an experi-
mental technique to probe the properties of the fatigue crack
propagation.

The general view has been that fatigue crack growth [es-
pecially in the Paris regime where Eq. (1) holds] is fairly
regular, and the mean distance between striations has a well-
defined characteristic value corresponding to the macroscopic
crack growth rate—indicating a one-to-one correspondence
between striations and loading cycles, which has been clearly
shown in an aluminum alloy using program loading [15] as
well as in many other studies [16—18]. This view is also
corroborated by acoustic emission studies [19] where the
waveforms of acoustic events were observed to be nearly
identical.

Similar to the general characteristics of fatigue crack
growth—for example, the Paris exponent m—the striation
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characteristics are also strongly influenced by many different
factors. The loading conditions have been shown to have an
effect. For example, the stress ratio influences the height of
striations [20] as well as their distance [15]. Similarly, small
changes in microstructure [21] have been shown to affect the
striation morphology and distances between them.

The basic reference model for striation generation is a
crack tip plastic slip. During the loading phase, the crack is
opened by normal stress, which at the crack tip generates plas-
tic slip activity along two symmetrical directions predicted by
fracture mechanics. In this phase, the crack tip gets blunted
and grows by material decohesion associated with dislocation
flow into the tip or generated by stress concentration. As
this occurs through plastic deformation, upon unloading the
blunted crack tip is squished, but a new free surface remains
ahead of the former crack with a new sharp tip. It is this
step-by-step process of blunting and resharpening during each
cycle that leaves on the crack path the kind of markings that
we call striations [22]. An extension of this approach was pro-
posed by Laird [23], who gave a rather different interpretation
of striation formation based on the so called plastic relaxation
of the crack tip based on the hypothesis of plastic collapse of
the crack tip during the unloading and closure phase that leads
to tip concavity.

Later, Forsyth [24] was able to classify two main types
of striations: ductile and brittle. Ductile striations lay on dif-
ferent individual planes corresponding to single grains that
macroscopically form, all together, a plateau normal to the
maximum tensile stress direction. They are called ductile
because the material ahead of the crack tip undergoes plas-
tic deformations that produce the typical curved arrays by
which they advance on the fracture surface. Brittle striations,
instead, always develop on crystallographic planes, usually
(100) planes, and they appear as concentric circles departing
from the initiation site, quite often brittle inclusions. This
gives brittle striations the typical flat appearance without any
apparent (macroscopic) plastic deformation. A characteristic
feature of brittle striations is the uniform, flat, and annual
ringlike propagation surface that does not propagate in sin-
gle crystals but on crystallographic planes that are cleavage
planes.

However, there have also been recent imaging studies that
have indicated intermittency [25,26] and heterogeneity [27]
related to fatigue crack growth. Especially, when tracking the
crack tip during the experiment [25,26], the jumps in the
crack length have been observed to have fat-tailed distribu-
tions. If the accepted view of one striation corresponding to
one loading cycle is true, one should then find—in materials
and loading conditions that exhibit these fat-tailed crack tip
jump distributions—a similar fat-tailed distribution of dis-
tances between striations. Although the striations are thought
to correspond to loading cycles one-to-one, several studies
have shown striation spacings higher than the corresponding
crack growth rate [28,29] or the striation spacing growing
much slower than the crack growth rate [29-31], at least for
slower crack growth rates. This can naturally be just an effect
of limited striation distance detection accuracy, although inter-
mittency in terms of local crack advancement arrests has been
proposed [32]. Alternatively, rough fracture surfaces deviating
from the simple model of striation formation could produce

RD

FIG. 1. The grain structure of the 5005 alloy used in this study,
showing elongated grains in the rolling and transverse directions. The
plane of crack propagation is also indicated.

surface patterns where the ridges do not directly correspond to
crack arrest locations. Similar problems of reconciling rough
surfaces and periodic striations have also been encountered in
geophysics in the context of ridges in surface topography [33].

In this paper, we perform fatigue crack growth (FCG) ex-
periments on an Al alloy, and we study in detail the jumps in
the crack propagation. We then study the fracture surfaces of
these samples with a focus on the distances between striation
lines, and how these correlate with the crack growth rate.
Two methods of extracting the distances between striations
are presented—one that focuses on the areas of the fracture
surface exhibiting clear striation markings, and one that takes
the whole imaged fracture surface into account.

II. MATERIAL AND METHODS

A. Microstructure

The material used in this study was 5005 aluminum alloy,
which was provided by Alumeco Ltd. as a sheet of thick-
ness 5 mm in a strain-hardened and partially annealed state
corresponding to H24 temper. Samples for microstructural
studies were cut by electrical discharge machining (EDM)
and polished using a Struers Tegramin polishing machine
with a final 0.3 um OP-S suspension. To reveal the grain
structure of the material, Barker anodizing in 1.8% fluoboric
acid water solution with 0.25 A/cm? and 30 V DC applied for
30 s was used. Further optical microscopy in polarized light
was conducted using a Nikon Epiphot Inverted Metallurgical
Microscope. It showed (Fig. 1) an elongated grain structure in
the rolling direction (RD) and the transverse direction (TD).
One can see that the grain size is about 300, 100, and 50 um in
the rolling, transverse, and axial directions (AD) respectively.
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B. Fatigue testing

The FCG measurements were performed using standard
compact tension (CT) specimens with a thickness of 5 mm
and W equal to 50 mm, cut with final notch shaping using
EDM. The orientation of the sample is such that the crack
propagates in the transverse direction, and the loading oc-
curs in the rolling direction, as shown in Fig. 1. The tests
were performed using a MTS 858 hydraulic fatigue testing
machine with the loading waveform being sinusoidal with a
frequency of 10 Hz. Four different loading conditions were
used, and three experiments corresponding to each condition
were performed. First the effect of the stress ratio R was stud-
ied using a constant force amplitude with a maximum force
Fiax = 1500 N and R values 0.1, 0.3, and 0.5. The effect of
the force amplitude was studied using the fourth loading con-
dition: R = 0.1 and Fj,x = 1300 N. The tests were performed
as described by the ASTM E647 standard [34] and the SIF K
and SIF range AK determined accordingly. The yield stress
of the material is 155 MPa, so the standard requirement for
predominantly elastic behavior is fulfilled up to crack lengths
of a =0.6W = 3.0 cm.

The crack length measurements were performed optically
using the experimental setup shown in Fig. 2(a). The sample
was imaged from the side using a Canon EOS R digital camera
with an imaging frequency of 0.25 Hz, corresponding to 40
loading cycles between images. The size of the obtained im-
ages was 6720 px x 4480 px, corresponding to a resolution of
4.5 um per pixel. Before the experiments, the sample surface
was polished to a mirrorlike condition using a 1 um diamond
Struers DP-Suspension as the final step. To illuminate the
crack, a ring LED lamp creating an analog of dark field imag-
ing was mounted on a Canon MP-E 65 mm f/2.8 macro lens
(x 1—-x5 magnification) attached to the camera.

To track the advancement of the crack tip, an image pro-
cessing algorithm (also used in Ref. [26]) was developed and
implemented in MATLAB software. The crack tip is defined
as the edge pixel of the contrast area in the crack tip region
defined based on the previous image. The contrast image was
obtained as an outcome of a binarization procedure using local
background intensity as the threshold value. Crack tip position
was tracked relative to a stationary surface defect to exclude
measurement distortions brought on by the specimen shift.
Sequential processing of the images allows one to track the
crack length a as a function of cycle number N [resulting
curve shown in Fig. 2(b)].

The accuracy of this tracking method is of the order of one
pixel, and this small noise is filtered by requiring that the crack
length increases monotonously. This is done by constructing
a monotonic upper and lower envelope for the signal and
taking their average to correspond to the crack length a. For
determining the crack tip advancement per cycle da/dN, a
moving average of the raw crack length values is taken to
smooth the signal, after which numerical differentiation is
applied [see Fig. 2(b) for comparison between the raw and
averaged curves]. From the raw crack tip position a we also
extract the crack tip jumps Aa, which are just the difference
in the crack tip position between consecutive images divided
by the number of cycles between the images, which here is
40. This normalization is done just to make the jump size
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FIG. 2. (a) A representation of the imaging setup used in the
fatigue tests, showing the position of the camera in relation to the
sample, and a schematic of the crack tip tracking procedure. (b) The
resulting raw crack tip positions as a function of the number of
cycles, and the result of averaging used to yield the crack tip ad-
vancement per cycle da/dN. The inset includes a zoomed-in view,
showing the jumps in the crack position. (c¢) The jumps in the crack
tip position (blue) and the crack tip advancement per cycle (orange)
as a function of the number of cycles.

values comparable to da/dN, and it does not reflect an actual
improvement in the tracking resolution. In simple terms, Aa
denotes the jumps seen in the crack tip, and da/dN denotes
the same signal, but it is sufficiently smoothed to enable the
plotting of the Paris curves. This is illustrated in Fig. 2(c),
where both of these are plotted. In the beginning of the test, the
values of Aa are much higher, as during many cycles no crack
advancement is observed. The fitting of the jump size distri-
butions, as well as later the striation spacing distributions, is
done using maximum-likelihood estimation [35].

C. Fractography

Three fatigue samples were picked for the fractography
studies, two with F,x = 1500 N (R = 0.1 and 0.5) and one
with Fi,ax = 1300 N (R = 0.1). We performed SEM imaging

053602-3



ANNIINA KINNUNEN et al.

PHYSICAL REVIEW MATERIALS 7, 053602 (2023)

Profile «b»

x3000

(b)

>
B
)
=
[}
2
k=
o
Q
.
-
[}
>
g
=
Profile «a»
T T T T
0 200 400 600 800
Profile length [px]
>
=
24V
[}
=
=]
x3000 %]
g
P
[
= .
| Profile «b»
T T T T
0 200 400 600 800

Profile length |px]

FIG. 3. (a) SEM images obtained at a = 15.69 and 29.15 mm showing the primary image and the three secondary images. The lines
on the images correspond to the lines along which the striations are tracked in the manual extraction method. (b) The profiles «a» and «b»
corresponding to the respective lines in panel (a), and the results of the peak finding (triangles) used in the manual extraction method to extract

the striation lines.

of the postmortem fracture surfaces of the specimens. The
SEM images were recorded using a JEOL JSM-7500FA mi-
croscope operated at 15 kV, and with an Everhart-Thornley
secondary electron detector to reveal a surface roughness con-
trast. To study the evolution of the striation line structures as
a function of the crack length a, the following procedure was
followed: primary images were taken at intervals of around
500 um with x1 k magnification, and after a visual exam-
ination of the images, three regions of interest containing
striation lines were recorded with a higher magnification of
%3 k. This procedure is illustrated in Fig. 3(a).

1. Roughness

We compute a roughness measure of the SEM images at
lengthscale L as the root-mean-square deviation of the image
intensity

w(L) = /(I = I),)),. 2

where (-);, denotes an average over the lengthscale L. We do
this in both spatial directions to yield w, and w,, which are
shown in Fig. 4.

It is important to note that SEM images do not correspond
to a height map of the fracture surface, and thus the roughness
measure of Eq. (2) is not an actual surface roughness. The

values measured as SEM image intensity actually look more
like the local slope or height variation of the fracture surface
[36]. However, the roughness measure still holds valuable
information about the structure of the fracture surface.

As the roughness for small lengthscales seems to scale as a
power law, we fit a relation w o L? to the data. Additionally,
we see to which value the roughness saturates to on large
lengthscales (by taking the average of w over the latter half
of our available lengthscales), and we compute the correlation
length £ by seeing at which lengthscale the fitted power law
would achieve this value. The process is visually illustrated in
Fig. 4(a).

As the crack propagation direction (the direction perpen-
dicular to the striation lines) in the SEM images does not
exactly coincide with the y-direction—e.g., the lines drawn
in Fig. 3(a) do not align with the y-direction—these direc-
tions are somewhat arbitrary. We can, however, utilize the
roughness information to mitigate this problem by rotating the
image by an angle 6 and recomputing w, and w,. We notice
that the angle 0 corresponding to the angle where the crack
propagation (on average) aligns with the y-direction seems
to be the one that minimizes the ratio w,/w,. This angle is
computed for each lengthscale L, and we take the average
over the intermediate lengthscales (from 20 to 200 pixels,
corresponding to from 0.6 to 6.3 um). This observation and
the aligned images are utilized in the automatic striation ex-
traction method explained later.
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FIG. 4. (a) An example of the surface roughness extracted from
one image in the two perpendicular directions w, and wy as a func-
tion of the lengthscale L, when the image is rotated so that the
crack propagation occurs in the y-direction. The solid black line
corresponds to the fitted power-law (for w,) and the dashed line to
the saturation value. (b) The power-law exponent ¢ extracted from
the roughness curves as a function of the crack length a. (¢) The cor-
relation length & extracted from the roughness curves as a function
of the crack length a.

2. Manual striation extraction

The first method for striation extraction is the manual
method presented here (similar to the one used in Ref. [28]).
As the crack advancement direction does not always coincide
with the y-direction of the images, and there are other features
present in the images in addition to the striation lines, we
have manually marked the parts in the images containing
striations. In practice, this means drawing lines on the images
[shown in Fig. 3(a)] and performing a peak-finding procedure
[shown in Fig. 3(b)] to yield the positions of the striation
lines, which lay perpendicular to the drawn lines. The peak
finding is done for the inverted intensity, as we are tracking the
depressions on the sample surface. The distance between stri-
ations £ is then directly computed from the distances between
the peaks, yielding a set of ¢ values corresponding to each
image (which in turn correspond to a crack length a). In total,
35 865 striation line measurements along fracture surfaces of
the specimens were made.

T gy = N
S
3 =,

FIG. 5. An example of the automatic striation extraction. The
top image is the raw (rotated) SEM image, and the bottom one is
the result after striation extraction. The distance between striations
¢ is then the distance between lines in the bottom image in the
y-direction, computed for each pixel column of the image.

3. Automatic striation extraction

As the goal of the present study is to see if the distances
between striation lines follow the same fat-tailed distributions
as observed for the jumps in the crack tip, the manual tracking
method presented might be problematic. It is feasible that in
selecting the parts of the image to be considered, the human
tendency is to select the parts where the striation line spacing
is fairly regular, yielding a mismatch between the crack tip
jump results and the striation spacing. This type of issue
related to selection of areas and lengthscales has in other
contexts been dubbed the “phenomenological fallacy” [33].

To try to get rid of this possible issue, we have also imple-
mented an automatic striation extraction method. It involves
first rotating the image so that the crack propagation direction
(on average) aligns with the y-direction in the images. Then
a simple Canny edge detector [37] algorithm is employed
(again on the inverted image intensity, as we are trying to track
the depressions) to yield the striation lines shown in Fig. 5.
We then go through each column of pixels in the image and
extract the striation distances as the distance between these
lines generated by the edge detection. This method of striation
distance determination has some obvious issues with multiple
counting of the same distances, but this choice was made
because the structures resulting from edge detection have a
much more complicated structure than just straight lines.

III. RESULTS
A. Fatigue testing

The fatigue testing results align with previous results re-
ported in Ref. [26] for aluminum 1050 alloy. In the Paris plots
[Fig. 6(a)] we see the Paris-Erdogan law holding for each
of the loading conditions in the region from Ky,x = 6.5 to
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FIG. 6. (a) The Paris curves for each of the loading conditions
and the exponent fits (black lines) according to Eq. (1) to each of
them in the Paris regime. (b) The probability distributions of the
crack advancement jump sizes Aa for each of the loading conditions.
The lines (with corresponding colors) are maximum-likelihood fits
to Eq. (3) with a fixed exponent y = 2. (c) The fitted values of the
exponent m [Eq. (1)] as a function of the stress ratio R. (d) The
fitted cutoff sizes of the crack advancement jumps Aagy [Eq. (3)] as a
function of the stress ratio R.

13 MPa,/m with exponent values slightly higher than 3. For
SIF values less than this we see the typical threshold regime
behavior of rapidly decreasing crack growth rate, and above
this the crack growth rate increases quickly as the critical SIF
is approached.

The almost linear change in the exponent m as a function
of the stress ratio R [see the inset of Fig. 6(a)] is much smaller
than in Al 1050 alloy, and the exponent does not seem to tend
to zero at the creep limit R — 1. The change in the maximum
force from 1500 to 1300 N has a negligible effect on the
exponent m.

When looking at the crack tip jump size distributions
p(Aa) [Fig. 6(b)] we see fat-tailed distributions spanning
around two orders of magnitude. They can be interpreted,
similarly as in the Al 1050 alloy [26], as power laws with an
exponential cutoff

B Aa
p(Aa) o Aa™” exp <——), 3)

Aao
where y is an exponent around 2, and Aag denotes the cutoff
scale. The solid lines in Fig. 6(b) show maximum-likelihood
fits of the cutoff scales Aay (for a fixed y = 2) for each of
the loading conditions. One can clearly see [Fig. 6(c)] that the

differences in the jump size cutoff are very small.

B. Roughness

When the images are rotated so that the crack propagation
occurs (on average) in the y-direction, using the aforemen-
tioned method, we observe [see Fig. 4(a)] for small distances
a power-law scaling w o< L¢ where the exponent ¢ is initially
around 0.5 and decreases to around 0.4 with increasing a [see
Fig. 4(b)]. This is significantly lower than the values of the
actual roughness exponent observed for cracked aluminum
alloys [38—40]. There is very little difference between the ex-
ponent values in the two directions ¢, and ¢,, although initially
gy 1s slightly larger. This power-law scaling is observed up to
a correlation length &, which is approximately constant for the
whole experiment [see Fig. 4(c)].

C. Striations

The striations we observe [see Fig. 3(a)] are typical duc-
tile striations [22] residing in channel-like areas separated
by ridges. By comparing the striation morphology at the
beginning of the experiment [the images corresponding to
a = 14.69 mm in Fig. 3(a)] and at the end of the experiment
[the images corresponding to a = 29.15 mm in Fig. 3(a)], one
sees that the channels seem to get wider as the experiment

O Aa ¢ £ (manual) ¢ (automatic) Eq. 3
(@) 102; (b) 102 () 102
e
10° 10° 10°
5 o2 5 o2 5 o] G
= = A\
10 2 10 2 10 )
107 107 1074 &
1076 107 1078
102 107" 10° 10! 102 107  10° 10! 102 107" 10° 10!

Aa or ¢ [pm]

Aa or { [pm]

Aa or ¢ [pm]

FIG. 7. The distributions of three quantities: crack advancement jump size Aa and the distance between striations £ measured with manual
and automatic tracking. The three plots correspond to different loading conditions: (a) F = 1500 Nand R = 0.1; (b) F = 1500 N and R = 0.5;

and (c) F = 1300 N and R = 0.1.
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FIG. 8. The Paris curve of one experiment (R = 0.1, Fx =
1500 N) with the evolution of the microscopic quantities as a func-
tion of the SIF range superimposed. The quantities are the average
striation spacing (¢) determined by the manual and automatic extrac-
tion methods, the cutoff scale fitted to the automatically extracted
striation spacings £y, and the correlation length &, in the crack prop-
agation direction determined by the roughness analysis.

progresses, as seen previously in aluminum alloys [41]. How-
ever, when comparing the automatically extracted striation
spacings ¢ in the x- and y-directions, we see just a linear
dependence.

The striation spacings extracted manually do not follow
a fat-tailed distribution, as can be seen in Fig. 7. Instead
they follow fairly closely an exponential distribution of the
form p(£) o< exp(—£/€y), where the scale parameter £ aligns
well with the cutoff scale Aag of the crack tip jump size
distributions, i.e., the manual extraction method manages to
capture striations comparable in size to the exponential tail of
the optically measured crack tip jumps—the largest jumps.

When the automatic extraction is performed, one indeed
sees a fat-tailed distribution of striation spacings (see Fig. 7),
spanning around two orders of magnitude, as do the crack
tip jump sizes. We have done a maximum-likelihood fit to
Eq. (3) with a fixed y = 2, and this distribution fits the data
reasonably well. Similarly to the crack tip jump sizes and the
manually extracted striation spacings, the effect of loading
conditions on the cutoff scale is very small. In the very end of
the tail of the distribution (sizes of several micrometers) the
discrepancies between the distributions are larger. This is due
to the statistics—in these bins there are very few data points.

When looking at the evolution of the microscopic
observables—the cutoff scale ¢, from the automatically ex-
tracted striation spacings, the mean striation spacing (€)
extracted using both the manual and automatic methods, and
the correlation length in the crack propagation direction &,—
one can clearly see (Fig. 8) that they stay approximately
constant for the whole duration of the experiment. During the
same experiment, the macroscopic crack growth rate varies
around four orders of magnitude. If the one-to-one correlation

between striation spacings and the macroscopic crack growth
rate held, one would expect the curves to have the same slope
in this log-log-plot. Three of these microscopic observables
(£p from automatic extraction, (£) from manual extraction,
and &,) have roughly the same value—corresponding roughly
to the macroscopic crack growth rate at the end of the
experiment—and the (¢) from the automatic extraction has
a slightly smaller value due to the automatically extracted
striation spacings spanning a larger range of values.

IV. CONCLUSIONS

Starting with crack propagation, comparing the FCG re-
sults with similar ones for Al 1050 alloy [26], we find that
the change in the Paris law exponent is much smaller with
increasing R. We suggest that this difference can be attributed
to a decrease in the sample plasticity, as Al 5005 is as an alloy
significantly more brittle than Al 1050. Additionally, we note
that a change in the Paris exponent makes the usual models
[42-44] for the effect of the stress ratio R not effective here,
as they only apply an R-dependent prefactor to the SIF value,
therefore they do not change the slope of the curves, whereas
here the slopes change.

The statistical analysis of the crack tip advancement on a
microscopic scale (down to a few microns) shows a fat-tailed
distribution of crack tip jump sizes. The distribution can be
modeled as a power law with an exponential cutoff where
the exponent is around 2 for all the loading conditions. The
changes in the cutoff scale between different loading condi-
tions are too small to make meaningful distinctions, but this
seems logical with the changes in the Paris curves also being
small. This exponent 2 also agrees with the Al 1050 results,
hinting at a degree of universality, but much more statistics
would be needed for definitive conclusions. We cannot, for
example, exclude some other fat-tailed distributions, such as
the stretched exponential. However, a plausible explanation
for this exponent can be found from previous analysis of
aluminum fracture surfaces [36] where the distribution of
microcrack sizes was found to be power-law distributed with
an exponent around 2. If one assumes the coalescence of these
microcracks as the primary crack growth mechanism [45], this
would then lead to a crack tip jump distribution with the same
exponent.

On the fractography side we study the roughness extracted
from the images, which on small scales scales as a power
law of the lengthscale with an exponent slightly below 0.5.
This exponent value also decreases during the experiment.
When interpreting these results, however, one should take into
account that we are not measuring the surface height, only the
SEM image intensity.

We then introduce two methods of striation spacing extrac-
tion: manual and automatic. The manual extraction method
focuses on the features that can clearly be identified as
striations, and the automatic one considers all depressions
on the fracture surface. The two extraction methods agree
roughly statistically on the striation spacings when the spac-
ing is above 1 wm. The manual method neglects the smaller
distances between striations, which seem to be at least sta-
tistically captured by the automatic method. The automatic
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method also produces a striation spacing distribution that
roughly matches the one seen for the crack tip jump sizes.

However, none of the microscopic quantities measured
(the striation spacings or the correlation length associated
with roughness) capture features that would correspond to
the macroscopic crack growth rate spanning multiple orders
of magnitude. The only microscopic quantity where any sig-
nificant change during the experiment can be seen is the
small lengthscale power-law exponent ¢ of the roughness. If
one accepts that the spacing between striation lines does not
evolve during the experiment, one could envisage a mecha-
nism of striation channel widening to account for the changes
in the crack growth rate. The motivation for this approach
comes from the clearly different striation morphology when
comparing the beginning and end of the experiment. How-
ever, the results of our automatic tracking do not support
this mechanism, but the limited field of view of our SEM
imaging also does not allow for a full characterization of
this phenomenology. One should also note that this type of
behavior would deviate from the constant shape or statistics of
avalanche fronts observed for other crack avalanching systems
in nonfatigue loading [46—48].

We have shown that the striation spacings in intermit-
tent crack growth have fat-tailed distributions, in accordance
with the one-to-one correspondence between striations and
loading cycles. The manual extraction method only captures
the striations with a well-defined mean value—corresponding
to the largest jumps—but the automatic one also shows a
plethora of features with narrower spacings. These statisti-
cally match the crack tip jump sizes, but it is a matter of
terminology if these features should actually be called stri-
ations or apparent striations [32,49]. One should note that
the images captured represent only a part of the fracture
surface, and clear striationlike markings are seen only on
parts of the images. Generally crack propagation seems to
be a much more complex phenomenon than just crack ad-
vancement lines with a well-defined spacing, as illustrated by

the inconsistency between the striations and the macroscopic
crack growth rate. On this rough and complicated fracture
surface, the observed ridges might not correspond to crack
arrest locations implied by the simplified model for striation
formation.

Further work should be done to see if the observed univer-
sal features of intermittent crack growth in fatigue extend to
a wider variety of materials and to explore the effects with
much better statistics. It would be interesting to see if the
area fraction of the fracture surface exhibiting striationlike
markings is correlated with the intermittency of crack prop-
agation. One should note that in Al alloys, increasing the Mg
content further is known to introduce dynamic strain aging,
which might significantly complicate the crack propagation
dynamics. The validity of the striation line extraction methods
introduced here should also be verified with other materials.
By performing direct measurements of the fracture surface
topography, the possible connection to the microcrack size
distribution should be explored.

ACKNOWLEDGMENTS

M.J.A. and T.M. acknowledge support from the European
Union Horizon 2020 research and innovation programme
under Grant Agreement No. 857470 and from European Re-
gional Development Fund via Foundation for Polish Science
International Research Agenda PLUS programme Grant No.
MAB PLUS/2018/8. M.J.A. acknowledges support from the
Academy of Finland (Center of Excellence program, 278367
and 317464). J.K. acknowledges funding from Academy of
Finland (308235) and Business Finland (211715). I.V.L. ac-
knowledges funding from Academy of Finland (341440 and
346603). The authors acknowledge the computational re-
sources provided by the Aalto University School of Science
“Science-IT” project and the provision of facilities and techni-
cal support by Aalto University at OtaNano—Nanomicroscopy
Center (Aalto-NMC).

[1] R. O. Ritchie, Mechanisms of fatigue-crack propagation in duc-
tile and brittle solids, Int. J. Fract. 100, 55 (1999).

[2] L. Ponson, Crack propagation in disordered materials: How
to decipher fracture surfaces, in Annales de Physique (EDP
Sciences, 2007), Vol. 32, pp. 1-120.

[3] P. Paris and F. Erdogan, A critical analysis of crack propagation
laws, J. Basic Eng. 85, 528 (1963).

[4] R. Ritchie, Incomplete self-similarity and fatigue-crack growth,
Int. J. Fract. 132, 197 (2005).

[5] A. Carpinteri and M. Paggi, Self-similarity and crack growth
instability in the correlation between the Paris’ constants, Eng.
Fract. Mech. 74, 1041 (2007).

[6] D. Hull, Fractography: Observing, Measuring and Interpret-
ing Fracture Surface Topography (Cambridge University Press,
Cambridge, 1999).

[71 V. Oborin, M. Sokovikov, D. Bilalov, and O. Naimark,
Multiscale study of morphology of the fracture surface

aluminum-magnesium alloy with consecutive dynamic

and gigacycle loading, Proc. Struct. Integrity 2, 1063
(2016).

[8] M. Bannikov, O. Naimark, and V. Oborin, Experimental investi-
gation of crack initiation and propagation in high- and gigacycle
fatigue in titanium alloys by study of morphology of fracture,
Fratt. Integr. Strutt. 10, 51 (2016).

[9] O. Naimark, V. Oborin, M. Bannikov, and D. Ledon, Critical
dynamics of defects and mechanisms of damage-failure transi-
tions in fatigue, Materials 14, 2554 (2021).

[10] S. Dharmadhikari, E. Keller, A. Ray, and A. Basak, A dual-
imaging framework for multi-scale measurements of fatigue
crack evolution in metallic materials, Int. J. Fatigue 142, 105922
(2021).

[11] E. E. Underwood, Quantitative fractography, in Applied Met-
allography, edited by G. F. Vander Voort (Springer, Boston,
1986), pp. 101-122.

[12] C. A. Zapffe and C. O. Worden, Fractographic registrations of
fatigue, Trans. Am. Soc. Met. 43, 958 (1951).

053602-8


https://doi.org/10.1023/A:1018655917051
https://doi.org/10.1115/1.3656900
https://doi.org/10.1007/s10704-005-2266-y
https://doi.org/10.1016/j.engfracmech.2006.12.007
https://doi.org/10.1016/j.prostr.2016.06.136
https://doi.org/10.3221/IGF-ESIS.35.06
https://doi.org/10.3390/ma14102554
https://doi.org/10.1016/j.ijfatigue.2020.105922

STRIATION LINES IN INTERMITTENT FATIGUE CRACK ...

PHYSICAL REVIEW MATERIALS 7, 053602 (2023)

[13] N. Thompson and N. Wadsworth, Metal fatigue, Adv. Phys. 7,
72 (1958).

[14] H. D. Nine and D. Kuhlmann-Wilsdorf, Fatigue in copper single
crystals and a new model of fatigue in face-centered cubic
metals, Can. J. Phys. 45, 865 (1967).

[15] J. C. McMillan and R. M. N. Pelloux, Fatigue crack propagation
under program and random loads, in Fatigue Crack Propa-
gation, edited by J. Grosskreutz (ASTM International, West
Conshohocken, PA, 1967), pp. 505-535.

[16] K. Tanaka, T. Hoshide, and N. Sakai, Mechanics of fatigue
crack propagation by crack-tip plastic blunting, Eng. Fract.
Mech. 19, 805 (1984).

[17] H. Cai and A. McEvily, On striations and fatigue crack growth
in 1018 steel, Mater. Sci. Eng. A 314, 86 (2001).

[18] E. Hershko, N. Mandelker, G. Gheorghiu, H. Sheinkopf, I.
Cohen, and O. Levy, Assessment of fatigue striation counting
accuracy using high resolution scanning electron microscope,
Eng. Failure Anal. 15, 20 (2008).

[19] S. Deschanel, W. Ben Rhouma, and J. Weiss, Acoustic emis-
sion multiplets as early warnings of fatigue failure in metallic
materials, Sci. Rep. 7, 13680 (2017).

[20] Y. Uchida, M. Shimojo, and Y. Higo, Relationship between
fatigue striations height and stress ratio, J. Mater. Sci. 34, 2411
(1999).

[21] K. Nygren, A. Nagao, S. Wang, P. Sofronis, and I. Robertson,
Influence of internal hydrogen content on the evolved mi-
crostructure beneath fatigue striations in 316L austenitic
stainless steel, Acta Mater. 213, 116957 (2021).

[22] P. P. Milella, Fatigue and Corrosion in Metals (Springer Science
& Business Media, Milan, 2012).

[23] C. Laird, The influence of metallurgical structure on the
mechanisms of fatigue crack propagation, in Fatigue Crack
Propagation, edited by J. Grosskreutz (ASTM International,
West Conshohocken, 1967).

[24] P. Forsyth, Fatigue damage and crack growth in aluminium
alloys, Acta Metall. 11, 703 (1963).

[25] R. Kokkoniemi, A. Miksic, M. Ovaska, L. Laurson, and M.
Alava, Intermittent crack growth in fatigue, J. Stat. Mech.
(2017) 073401.

[26] I. V. Lomakin, T. Mikinen, K. Widell, J. Savolainen, S.
Coffeng, J. Koivisto, and M. J. Alava, Fatigue crack growth in
an aluminum alloy: Avalanches and coarse graining to growth
laws, Phys. Rev. Res. 3, L042029 (2021).

[27] J. D. Carroll, W. Abuzaid, J. Lambros, and H. Sehitoglu, High
resolution digital image correlation measurements of strain ac-
cumulation in fatigue crack growth, Int. J. Fatigue 57, 140
(2013).

[28] A. Shyam and E. Lara-Curzio, A model for the formation of
fatigue striations and its relationship with small fatigue crack
growth in an aluminum alloy, Int. J. Fatigue 32, 1843 (2010).

[29] B. Pant, A. Pavan, R. V. Prakash, and M. Kamaraj, Effect
of laser peening and shot peening on fatigue striations during
FCGR study of Ti6Al4V, Int. J. Fatigue 93, 38 (2016).

[30] P. Moreira, M. De Figueiredo, and P. De Castro, Fatigue be-
haviour of FSW and MIG weldments for two aluminium alloys,
Theor. Appl. Fract. Mech. 48, 169 (2007).

[31] S. Lynch, Some fractographic contributions to under-
standing fatigue crack growth, Int. J. Fatigue 104, 12
(2017).

[32] J. L. Gonzalez-Velazquez, Fractography and Failure Analysis
(Springer International, Cham, 2018).

[33] S. Lovejoy and D. Schertzer, Scaling and multifractal fields in
the solid earth and topography, Nonlin. Proc. Geophys. 14, 465
(2007).

[34] ASTM E647-15, Standard Test Method for Measurement of
Fatigue Crack Growth Rates (ASTM International, West Con-
shohocken, PA, 2015).

[35] J. Bar6 and E. Vives, Analysis of power-law exponents
by maximum-likelihood maps, Phys. Rev. E 85, 066121
(2012).

[36] S. Vernede, L. Ponson, and J.-P. Bouchaud, Turbulent Fracture
Surfaces: A Footprint of Damage Percolation?, Phys. Rev. Lett.
114, 215501 (2015).

[37] J. Canny, A computational approach to edge detection,
IEEE Trans. Anal. Mach. Intell. 8, 679
(1986).

[38] M. Hinojosa, J. Aldaco, U. Ortiz, and V. Gonzdlez, Roughness
exponent of the fracture surface of an Al-Si alloy, Alum. Trans.
3, 53 (2000).

[39] M. Hinojosa and J. Aldaco, Self-affine fracture surface pa-
rameters and their relationship with microstructure in a cast
aluminum alloy, J. Mater. Res. 17, 1276 (2002).

[40] Y. Barak, A. Srivastava, and S. Osovski, Correlating fracture
toughness and fracture surface roughness via correlation length
scale, Int. J. Fract. 219, 19 (2019).

[41] Q. Zhang, C. Zhang, J. Lin, G. Zhao, L. Chen, and H.
Zhang, Microstructure analysis and low-cycle fatigue behavior
of spray-formed Al-Li alloy 2195 extruded plate, Mater. Sci.
Eng. A 742,773 (2019).

[42] D. Kujawski, A fatigue crack driving force parameter with load
ratio effects, Int. J. Fatigue 23, 239 (2001).

[43] A. Noroozi, G. Glinka, and S. Lambert, A two parameter driv-
ing force for fatigue crack growth analysis, Int. J. Fatigue 27,
1277 (2005).

[44] X. Huang, M. Torgeir, and W. Cui, An engineering model of
fatigue crack growth under variable amplitude loading, Int. J.
Fatigue 30, 2 (2008).

[45] F. Paun and E. Bouchaud, Morphology of damage cavities in
aluminium alloys, Int. J. Fract. 121, 43 (2003).

[46] K. J. Malgy, S. Santucci, J. Schmittbuhl, and R. Toussaint,
Local Waiting Time Fluctuations along a Randomly Pinned
Crack Front, Phys. Rev. Lett. 96, 045501 (2006).

[47] D. Bonamy, S. Santucci, and L. Ponson, Crackling Dynam-
ics in Material Failure as the Signature of a Self-Organized
Dynamic Phase Transition, Phys. Rev. Lett. 101, 045501
(2008).

[48] L. Laurson, S. Santucci, and S. Zapperi, Avalanches and clusters
in planar crack front propagation, Phys. Rev. E 81, 046116
(2010).

[49] P. DeVries, K. Ruth, and D. Dennies, Counting on fatigue:
striations and their measure, J. Failure Anal. Prevention 10, 120
(2010).

Pattern

053602-9


https://doi.org/10.1080/00018735800101177
https://doi.org/10.1139/p67-065
https://doi.org/10.1016/0013-7944(84)90163-2
https://doi.org/10.1016/S0921-5093(00)01925-0
https://doi.org/10.1016/j.engfailanal.2007.01.005
https://doi.org/10.1038/s41598-017-13226-1
https://doi.org/10.1023/A:1004510615621
https://doi.org/10.1016/j.actamat.2021.116957
https://doi.org/10.1016/0001-6160(63)90008-7
https://doi.org/10.1088/1742-5468/aa73f7
https://doi.org/10.1103/PhysRevResearch.3.L042029
https://doi.org/10.1016/j.ijfatigue.2012.06.010
https://doi.org/10.1016/j.ijfatigue.2010.05.005
https://doi.org/10.1016/j.ijfatigue.2016.08.005
https://doi.org/10.1016/j.tafmec.2007.06.001
https://doi.org/10.1016/j.ijfatigue.2017.06.036
https://doi.org/10.5194/npg-14-465-2007
https://doi.org/10.1103/PhysRevE.85.066121
https://doi.org/10.1103/PhysRevLett.114.215501
https://doi.org/10.1109/TPAMI.1986.4767851
https://doi.org/10.1557/JMR.2002.0191
https://doi.org/10.1007/s10704-019-00377-7
https://doi.org/10.1016/j.msea.2018.11.053
https://doi.org/10.1016/S0142-1123(01)00158-X
https://doi.org/10.1016/j.ijfatigue.2005.07.002
https://doi.org/10.1016/j.ijfatigue.2007.03.004
https://doi.org/10.1023/A:1026220616188
https://doi.org/10.1103/PhysRevLett.96.045501
https://doi.org/10.1103/PhysRevLett.101.045501
https://doi.org/10.1103/PhysRevE.81.046116
https://doi.org/10.1007/s11668-009-9320-4

