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High-cycle fatigue damage accumulation in paper
Yoon Joo Na1,2, Sarah A. Paluskiewicz 1,2 & Christopher L. Muhlstein 1,2✉

The mechanical durability of paper is a key consideration for applications ranging from

shipping boxes to disposable medical substrates. Paper commonly experiences fatigue

loading in such applications, but a high-cycle fatigue mechanism has not been identified. This

research details paper’s high-cycle fatigue degradation mechanism. Paper specimens were

loaded with monotonically increasing, constant, and sinusoidally varying cyclic stresses, and

the resulting tensile, creep, and fatigue damage accumulation rates were compared. The

difficulty in defining the size and growth of cracks in paper’s cellulosic fiber network were

overcome with optically measured strain fields. We found that fatigue damage can accu-

mulate via a fiber fracture mechanism, while ratchetting, creep, and tensile overload damage

accumulation occurs due to failure of inter-fiber bonds. We also discovered the synergistic

interaction between creep and high-cycle fatigue damage accumulation mechanisms, which

is critical for extending the high-cycle fatigue life of paper.
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Paper is an attractive material for a wide range of applica-
tions because it is manufactured from a renewable resource
(cellulose-based wood fibers), can be readily recycled, and is

biodegradable and surprisingly strong. The mechanical properties
of paper are very complex due to the porous, heterogeneous
network network of fibers that is predominantly hydrogen
bonded1,2. As a result, the mechanical properties of machine
made paper can be anisotropic and sensitive to fiber character-
istics, moisture content, temperature, and loading rate1. The
subset of papers used in packaging and shipping must be
mechanically robust: their mechanical response must be pre-
dictable when they are exposed to warm, moist, and
mechanically-stressful conditions.

Commercial paper-manufacturing processes for packaging and
print-media materials create stochastic, heterogeneous distribu-
tions of pulp fibers that bias fiber alignment toward the direction
that the paper web travels through the mill. As the web moves
through the mill along this “machine direction (MD),” water is
removed and the fibers bond to each other. The perpendicular
direction to MD is called the cross direction (CD). Commercial
copy paper has a strongly bonded fiber network, so its
stress–strain (constitutive) behavior is qualitatively similar to
structural metals—linear, elastic (i.e., reversible) deformation is
followed by permanent (plastic), nonlinear deformation that ends
with catastrophic failure (Fig. 1). As one might notice by the
orientation-dependent ease in tearing gift-wrapping paper, the
properties of copy paper are different in the two orthogonal
directions (MD and CD). In fact, it is more resistant to folding
and tearing perpendicular to the MD than CD. This mechanical
anisotropy comes from preferential fiber alignment in the MD:
the elastic modulus, yield strength, and ultimate strength are
typically larger in the MD as compared with CD (two to three
times larger for a copy paper as we reported in ref. 3 and shown in
Supplementary Table 1 and Fig. 1). As the widths of copy paper
specimens increased from 1.5 to 3.0, 6, and 12.5 mm, their
average (four specimens per condition) elastic moduli increased
by 14%, 9%, and 1.5%, respectively. Consequently, the width
dependence of the elastic modulus and yielding behavior was
stable for specimens 6.0 mm and wider.

Tensile overload and time-dependent creep degradation in
paper have been studied extensively (see ref. 4 for a compre-
hensive review). Similarly, the short lives (<<100 cycles to failure)
observed during low-cycle fatigue, ratchetting, and folding have
been evaluated5–8. Different modes of loading, such as tension
and bending (folding), are often associated with different defor-
mation, degradation, and failure mechanisms. Because shipping
boxes can be subjected to thousands of cycles of stress as they
shake during transit and delivery, we must also understand how
high-cycle fatigue damage accumulates in paper. However, pre-
vious research has not fully assessed these types of conditions.

Here, we detail a tensile high-cycle fatigue damage accumula-
tion mechanism that can degrade the durability and performance
of paper-based packaging and shipping boxes that are repeatedly
stressed, and we show that the mechanism is unique to cases
where failures only occur after many thousands of cycles. In
addition, we show that fatigue crack growth rates reveal how
time-dependent and cycle-dependent mechanisms can synergis-
tically interact to extend total life.

Results and discussion
Fracture surface evidence of damage mechanism. The
mechanisms that control the deformation, degradation, and
failure of wood fiber pulp-based paper and packaging materials
depend on how the stresses are applied (Fig. 2). When these
papers are pulled to failure in tension, the strongly bonded fiber

network deforms (first elastically, then plastically), and fibers
move relative to one another. This behavior cannot continue
indefinitely–eventually the interfiber bonds fail and the paper
breaks. The resulting fracture surfaces are typically hairy (Figs. 3a
and 4), providing clear evidence of interfiber bond failure and the
fiber pull-out fracture mechanism during tensile failure. Similarly,
the fracture surfaces of folded (or creased) papers that are then
torn show some fiber damage (typically crushing and buckling),
but are also hairy because they fail by a similar tensile failure
mechanism. A constant load can cause time-dependent damage
via processes known as creep, again causing fracture surfaces that
are hairy in appearance (Fig. 3e) because of a time-dependent
interfiber bond failure and fiber pull-out fracture mechanism. We
also know that repeated loading and unloading of paper can
create cycle-dependent (as opposed to time-dependent) damage,
but in this case it has not been clear if the mechanisms are distinct
from the ones that control conventional tensile and creep
fractures.
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Fig. 1 Uniaxial stress–strain behavior of copy paper. The constitutive
behavior was measured in the machine direction (MD) and cross direction
(CD). Representative data for plain and notched (a/w= 0.27) tensile
specimens are shown. The addition of a notch reduced the stiffness and
strength of the paper (dashed lines). The error bars were within the
line width.
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Fig. 2 Schematic description of loading modes. The amount of strain (ε)
that develops in a uniaxially loaded material depends on both the applied
stress (σ) and the loading conditions (tensile, creep, ratchetting, and
fatigue).

ARTICLE COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-020-0025-2

2 COMMUNICATIONS MATERIALS |            (2020) 1:26 | https://doi.org/10.1038/s43246-020-0025-2 | www.nature.com/commsmat

www.nature.com/commsmat


Ratchetting and fatigue are the two types of cyclic damage that
are observed in materials, and they arise from different damage
mechanisms (Fig. 2). When a material is stressed in tension above
its yield strength (but not to failure), plastic deformation and
damage can accumulate. If the material is then unloaded and then
reloaded to a higher stress (and strain), the loading path will be
bounded by an envelope defined by its uniaxial tensile behavior. If
the loading-unloading hysteresis loop does not close on itself,

additional loading cycles will cause progressively larger ratchet-
ting strains to accumulate. Consequently, ratchetting is a static
damage mechanism, in which fracture occurs as the tensile
fracture strain is reached after a few loading cycles. Ratchetting is
observed in a wide range of materials including paper4–9, and is
most prominent in materials that show significant time-
dependent (creep) deformation (reviews by Ohno and Kang10,11

detail ratchetting and how it is distinguished from fatigue).
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Fig. 3 Tensile overload, fatigue, and creep crack profiles. Scanning electron microscopy images of representative crack profiles the of notched paper
specimens that failed during a tensile, b, c, and d fatigue, and e creep tests. The cracks grew completely across the specimen from the cut notch tip as
indicated in the figure. Tensile overload and creep fractures are fibrous (hairy) because the interfiber bonds fail and fibers pull out. In contrast, fatigue
damage causes fiber fracture and less fibrous crack profiles. The various parts of the crack path (notch, fatigue, creep, and overload) for each specimen
were determined using digital image correlation and can be identified using the horizontal bar under each crack profile and the legend.
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Fig. 4 Intermediate fatigue life crack profiles. Scanning electron microscopy images of a representative, intermediate fatigue life (Nf= 18501 cycles)
showed the distinctive fiber rupture and pull-out mechanisms.
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Ratchetting fracture surfaces in paper are hairy and indistinguish-
able from tensile fracture and creep because the damage
mechanisms are essentially the same. However, if the cyclic stress
amplitude is reduced so that the specimen lasts for tens of cycles
or more, truly cycle-dependent (fatigue) mechanisms can occur.

In this work, specimens were cyclically loaded with peak
stresses greater than the yield stress, cyclic damage was
accumulated, and the specimens eventually fractured into two
pieces within about 106 cycles (Fig. 5). The number of cycles to
failure, Nf, as a function of alternating stress range, Δσ, showed the
power law trend commonly observed in metallic materials12. The
first indications of a distinct fatigue damage accumulation
mechanism in paper became clear when we viewed crack profiles
of the test specimens (Fig. 3). The short life fatigue specimen
(Fig. 3b), which lived around 200 cycles at a stress range of
9.72MPa, had a very fibrous and hairy fracture path like the
tensile test specimens (Fig. 3a). However, the fatigue crack profiles
of the intermediate and long-life specimens were quite different.
The fibers adjacent to the notch of the intermediate life specimen
(Figs. 3c and Fig. 4) (Nf= 18,501 cycles at a stress range of
7.2MPa) were broken instead of pulled out, so the fracture surface
near the precut notch was not hairy. The crack growth mechanism
transitioned back to the hairy, fiber pull-out mechanism when the
fatigue crack was too long and the fracture toughness of the
specimen was exceeded. A longer fatigue damage region (fractured
fibers) was observed in the crack profile of long-life specimens
(Fig. 3d) (Nf= 98,808 cycles at stress range of 5.4MPa). Inorganic
fillers in the paper were visible as bright particles in the images
(Figs. 3 and 4), and were found throughout the tensile, fatigue, and
creep fracture surfaces. Based on the crack profiles of the
specimens, we concluded that the high-cycle fatigue damage
mechanism in paper was distinct from the mechanism observed in
other failure modes.

Crack growth rates characterize cycle-dependent behavior.
Static, time-dependent, and cyclic damage accumulate in most
organic and inorganic materials in ambient laboratory air envir-
onments. These three types of damage accumulation mechanisms
enable subcritical crack growth that can cause delayed failures in
specimens, components, and structures. Distinguishing pure
cyclic fatigue from static and time-dependent crack growth is
challenging because all three mechanisms can synergistically
and simultaneously cause crack growth during cyclic loading

conditions. An effective strategy for isolating damage mechan-
isms is to monitor the growth of cracks under strategically
selected, controlled-loading and environmental conditions. Static
and cyclic loading contributions can, in principle, be separated
using smooth (straight gauge) specimens and applying strategies
described by Evans & Fuller13. For example, this approach can
distinguish between stress corrosion cracking (a static loading,
time-dependent, subcritical crack growth mechanism) and cyclic
fatigue crack growth in some polycrystalline ceramics14. How-
ever, analysis of stress-life (Δσ–N) data is often inconclusive
because of the scatter intrinsic to the (total life) experiment (note
Fig. 5). Similarly, the standard folding endurance test methods for
straight gauge paper specimens superimpose static and cyclic
loading modes (TAPPI T423 and T511). The mechanisms that
enable fatigue damage accumulation are classified based on how
and where damage accumulates as a crack grows12. Therefore, we
used crack rate growth measurements to isolate and characterize
the cyclic damage accumulation in high-cycle fatigue.

In conventional, dense structural materials it is relatively easy
to define the location and size of a crack because it is bounded by
free surfaces. Unfortunately, it is very difficult to clearly observe
and define cracks in the heterogeneous, porous, heavily bridged
fiber networks found in wood fiber-based paper and packaging
materials. Instead, we developed a digital image correlation-based
analysis strategy that quantified the fatigue damage zone extent
(size) and growth rates (“Methods”). The spatial distribution of
the experimentally measured strains were used to identify
continuous, crack-like regions where the fiber network had
failed. This is the first application of this type of approach to
heterogeneous fiber composites. We then were able to measure
the crack growth rates and recorded specimen lives under fatigue
(Δσ= 5.0 to 10.8 MPa), creep (σ= 6.8 MPa), and alternating
creep–fatigue loading conditions.

The fatigue crack growth rates systematically decreased as
the applied stress amplitude was reduced (see Fig. 6 and Table 1).
The maximum fatigue crack growth rate was 3.37 × 10−2 mm
cycle−1 for the specimen with the highest stress amplitude and
one of the shortest lives (Δσ= 10.8 MPa, Nf= 187 cycles). The
maximum growth rate dropped by three orders of magnitude
(2.91 × 10−5 mm cycle−1) when the driving force was reduced
(Δσ= 5.0 MPa) and the specimen lasted 2040 times longer
(381,628 cycles). Table 1 shows that as the alternating stress range
was increased, the average and maximum crack growth rates of
paper under cyclic loading increased. The fatigue crack growth
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Fig. 5 Stress–Life fatigue behavior of copy paper. The high-cycle fatigue
life (Nf) was measured as a function of the applied alternating stress range
(Δσ). The fatigue lives ranged from <100 to ~106 cycles to failure for stress
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Fig. 6 Crack extension during fatigue loading. Digital image correlation
was used to determine the crack length (a) as a function of the number of
accumulated cycles (N). The legend indicates the alternating stress range
for each specimen (Δσ). The error bars were smaller than the symbols used
to denote the crack lengths.
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was not correlated with the linear elastic fracture mechanics
parameter, ΔK (Supplementary Discussion). However, the fatigue
crack growth rate was sensitive to the applied stress and loading
mode (constant, monotonically increasing, and cyclic), so we
examined the creep and fatigue damage accumulation mechan-
isms and their synergistic interactions.

Creep–fatigue interactions. Like with most materials, it was
difficult to tell only from the total life data how creep and
fatigue processes interact in paper12. Figure 5 shows the wide
variation in fatigue life, which is typical of straight gauge spe-
cimens. To lend new insight into the interaction of creep and
fatigue in paper, we used our digital image correlation strain-
field analysis approach to identify the crack sizes and then
characterized damage accumulation with fatigue crack growth
rates. The interactions between and relative importance of creep
and fatigue became clear.

Six specimens were tested with the same max stress of 6.8 MPa.
Two specimens, F1 and F2, were subjected to fatigue only and
lived 57,329 and 65,970 cycles (at 1 Hz). Two specimens, C1 and
C2, underwent creep, but were stopped before completion at
203,630 and 221,400 s due to crack arrest. A final two specimens,
CF1 and CF2, were subjected to about 36,000 and 30,000 s of
creep then fatigued to total failure. Figure 7 shows the number of
accumulated cycles for these six specimens vs. the crack length
determined using digital image correlation and thresholding
(“Methods”). The specimens subjected to constant (creep)
loading before fatigue, CF1 and CF2, lived much longer than
the specimens that were only subjected to cyclic loading (354,741
and 192,498 cycles, respectively). The increase in fatigue life by up
to 6.2 times was surprising given the general perception that creep
damage is more important than fatigue for packaging materials. It
was clear that the creep and fatigue damage mechanisms in paper
are different, and there is a synergistic interaction between creep
and fatigue that can enhance fatigue resistance.

Supplementary Fig. 1 shows the computed fatigue crack growth
(FCG) rates for the fatigue only specimens, F1 and F2, and the
fatigue portion of the creep–fatigue specimens, CF1 and CF2.
Crack growth rates were not measured for creep, as they were
much smaller than fatigue and asymptotically approached zero
due to crack arrest. It is worth noting that the variability in FCG
rates decreased when specimens were first subjected to creep
(constant) loading. The crack growth rates reveal that specimens
subjected to fatigue only grew at an average rate of 5.25 × 10−5

and 5.55 × 10−5 mm cycle−1. Given these specimens had an
alternating stress of 6.1MPa, the FCG rates were consistent with
the trends in Table 1. However, when the paper was first subjected
to constant loading, their crack growth rates decreased nearly an
order of magnitude to 5.33 × 10−6 and 6.01 × 10−6 mm cycle−1.

Finally, we looked at the effect of mixed constant (static) and
cyclic loading on the fracture surfaces. Figure 8 shows crack
profiles for the two creep–fatigue specimens. The specimens show

a mix of fiber rupture and fiber pullout. This was expected given
the hairy fracture surface profile for creep damage and fiber
rupture in intermediate and long-life fatigue fracture surface
profiles (Fig. 3). However, it was apparent that there was more
fiber rupture in the regions undergoing creep or fatigue than in
the section of the paper that experienced overload in Fig. 8. Since
there was some fiber pullout in the fatigue crack region, this could
be evidence that in addition to affecting the fatigue crack
growth rate, creep can also impact the local failure mechanism of
the fiber matrix.

It is clear from the fracture surfaces and crack growth rate
trends that wood fiber pulp-based paper has a distinct high-cycle
fatigue damage accumulation mechanism. During tensile fracture,
creep, and ratchetting, the fibers deformed and moved relative to
one another1,15. Ultimately, the interfiber bonds failed because
they were weaker than the fibers themselves. In contrast, during
high-cycle fatigue the fibers fractured. In principle, the preferred
crack path and micromechanism could change with the fiber
network topography, composition, specimen geometry, and
environment. Paper fiber networks have several characteristic
length scales that define the types of locations where high-cycle
fatigue can cause fibers to fracture. The fibers in this study
(“Methods” and ref. 3) had an average length of 1.4 mm and
diameter of 22 μm. Both the higher and lower fiber density
regions (also known as floc and interfloc, respectively) had
characteristic length scales on the order of several millimeters3.
One could argue that an interfloc fatigue crack path should have
been energetically favored because fewer fibers rupture per unit
crack extension. However, we did not find evidence of such a
preferred fatigue crack path. Thus we concluded that there were
two possible types of fiber network locations that could
accumulate high-cycle fatigue damage. First, contact damage
(fretting) could have occurred where the fibers touched each
other. These contacts could occur at interfiber bonds formed
when the paper was manufactured, or when fibers moved into
contact during deformation. Second, individual fibers could have
accumulated high-cycle fatigue damage in the regions between
the interfiber bonds. In principle, these two classes of high-cycle
fatigue damage accumulation can operate simultaneously. How-
ever, the dramatic reductions in fatigue crack growth rate after
exposure to creep-loading conditions suggested that high-cycle
fatigue damage occurred preferentially at the interfiber bonds

Table 1 Fatigue crack growth rates in copy paper.

Alternating stress
range, Δσ (MPa)

Average da/dN
(mm cycle−1)

Maximum da/dN
(mm cycle−1)

5.0 8.31 × 10−6 2.91 × 10−5

5.4 3.97 × 10−5 3.31 × 10−4

7.2 1.74 × 10−4 6.92 × 10−3

9.0 1.23 × 10−3 1.42 × 10−3

10.8 1.52 × 10−2 3.37 × 10−2

Digital image correlation was used to experimentally measure the average and maximum fatigue
crack growth rates (da/dN) as a function of the alternating stress range (Δσ) at a constant load
ratio (R= 0.1).
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because creep is dominated by strain accumulation at interfiber
bonds15. These new insights will allow for the fiber properties and
network topography in paper to be engineered for high-cycle
fatigue damage resistance.

Methods
Specimen preparation and mechanical testing. Notched and unnotched speci-
mens were prepared from letter-sized copy papers with grammage of 75 g/m2

(135885-WH, Staples, Framingham, MA). The specimens were cut into 12.5 mm
wide and 88-mm long strips in the cross-machine direction (CD) using the Sizzix
Eclipse 2 paper cutting machine (Sizzix, Lake Forest, CA). For notched specimens,
a single notch spanning 27% of the width was also cut in one edge of the speci-
mens. The actual gauge length of a specimen was 50 mm, since each grip end was
19 mm long. The specimen dimensions were modified from TAPPI standard, T494.
A random speckle pattern was airbrushed (Iwata, Portland, OR) on the specimens
for feature tracking purposes in digital image correlation (DIC). As specified by
TAPPI standard T402, all specimens were preconditioned at 23 °C and 35% RH for
an hour and conditioned at 23 °C and 50% RH for at least four hours prior to
testing in a SH-241 (ESPEC Corp., Osaka, Japan) benchtop temperature and
humidity chamber. The standard methods detailed in the TAPPI standards are
functionally identical to the related ASTM standards D828, D685, and E111.

All mechanical tests were conducted with a 100 N (±0.5%) Instron 2530-427
static load cell with the Instron 5848 (Instron, Norwood, MA) load frame equipped
with a magnetic linear encoder with a 20-nm resolution (Heidenhain, Shaumburg,
IL) placed on a benchtop vibration isolated platform (BM-4, Minus K Technology,
Inglewood, CA). The specimens were gripped with 2716-016 serrated mini wedge
grips from Instron. A small preload (<3 N) was applied to remove any slack in the
specimen and obtain focused images for the tests. Tensile tests were conducted in
displacement control mode at a rate of 3 mm min−1. Fatigue tests in tension were
conducted in load control mode at 1 Hz with a minimum to maximum load ratio
(R) of 0.1. Creep tests were also conducted in load control mode. LabView 7.1
(National Instruments, Austin, TX) software was used to control the actuator and
to collect the tensile data from the Instron. Data analysis was performed in
Microsoft Office Excel 2010 and Python 2.7.3. The uniaxial tensile behavior and
analysis methods were detailed in ref. 3. Briefly, 60 specimens were tested for each
of the two principal orientations, machine direction (MD), and cross-machine
direction (CD). For each specimen the tensile strength, tensile fracture strain, and
tensile energy absorption (TEA) were calculated as specified in T494. A constant,
nominal thickness of 100 μm was determined using scanning electron microscopy
images of Spurr’s epoxy infiltrated and polished cross-sections of the paper (see
ref. 3). The elastic modulus was calculated from the linear portion of a stress–strain
curve consistent with the methods detailed in ASTM E111. The linear elastic part
of the curve was determined by fitting a linear regression line from the first data
point to the data point where the coefficient of determination, R2, was 0.999. The
last data point of the linear portion was recorded as the yield point. The tensile
energy absorption, the energy per unit area of the specimen, was defined as the area
under load-displacement curve up to the failure point and calculated from the
experimental data by numerically integrating using the trapezoidal rule.

A 24 megapixel (6000 × 4000) Nikon D3300 DSLR camera with a Nikon macro
lens was used to capture images of specimens before and during experiments. An
Arduino Mega microcontroller with custom firmware was used to trigger the
camera and to collect images at a rate of 1 Hz that were synchronized with the

cross-head displacement and load cell data. For fatigue tests, the camera was
triggered every 1 min (60 cycles), and at each triggering point a total of nine phase-
lagged images were taken every 1.125 s to reconstruct the sine wave cycle. Fracture
surfaces and crack profiles were imaged using a Hitachi TM3030 benchtop
scanning electron microscope (SEM) in "COMPO" backscatter imaging mode.

The spatial distribution of deformation and strains were evaluated by an in-
house DIC programs developed in Python3,16, which were based on both
conventional feature tracking and optical flow (Lucas–Kanade) algorithms17,18.
Strain maps based on the motion of tracked positions were plotted using a linearly
interpolated Voronoi tesselation scheme. The noise level in the tracked
displacement and strain values were determined using a rigid body translation
calibration scheme. Before each experiment the camera was translated known
distances (optical encoder resolution better than 1 μm), and features were tracked
using DIC. The measured displacement error was up to 0.1 pixel, which
corresponded to a strain noise floor of 10−6). The color bars used to represent the
strains were then selected to insure that apparent differences in color were
associated with significant differences in strain. The line width resolution of the
images was determined with a 1951 USAF microscope resolution target, and was
better than 20 μm.

The individual fibers and the fiber network architecture were characterized
using optical microscopy techniques as detailed in3. Briefly, a full U.S. standard
letter sheet of the paper (215.9 by 279.4 mm) was torn into 2 by 3 cm pieces and
soaked overnight in cold water. A British disintigrator was used to create a slurry
that was passed through a fiber quality analyzer (OpTest Equipment Inc., ON
Canada)19,20. The polarized light optical system was used to measure the fiber
length, width, and geometry (curl and kink). The percentage of fines was
determined using a length cutoff of 0.2 mm. After two runs, the average fiber length
and diameter were 1.359 mm and 21.6 μm, respectively. The fiber total kink angle
was 30.2° with a mean kink length of 0.73 mm. The arithmetic average fines were
15.5%. The characteristic length scales of the floc and interfloc regions were
evaluated using a lineal path correlation analysis of visible light transmission
through the paper3,21,22. The fast Fourier transform (FFT) of the images were low
pass filtered to isolate the floc and interfloc regions, and the inverse FFT was
applied to the power spectrum of the filtered image data. The images were
thresholded, and a lineal path correlation method was used to determine the
characteristic length scales23,24. The floc and interfloc regions in the copy paper
samples used in this study were about 3 mm and nearly isotropic3. The presence of
inorganic fillers was noted in the scanning electron micrographs of fractured
specimens, but their chemistry and mass fraction were not determined.

Crack length and growth rate measurements. In the case of our paper speci-
mens, it was impossible to use transmitted and/or reflected visible light images to
directly define the length of the crack during our experiments because crack lengths
were underestimated in the optical images. As shown in Fig. 9, the porous fiber
network structure and diffuse (extrinsic bridging) damage made it difficult to dis-
tinguish the crack. The experimentally measured strain fields were used to identify
the extent of the crack using a thresholding strategy. A threshold strain of 0.05,
which is 1.5 times greater than the failure strain of unnotched CD specimens in
uniaxial tension (Supplementary Table 1), was used to define material that had
failed (or at least been significantly damaged). The extent of the damage, and the
location of the crack tip, was determined from the continuous region with strains
above the threshold level (along the midline of the original cut notch location). It is
important to note that the crack sizes found using the digital image correlation were

1 mm

a CF1

b CF2

Notch Fatigue Creep Overload

Crack propagation direction

Fig. 8 Creep–fatigue loading crack profiles. Scanning electron microscopy was used to image the specimens (a CF1 and b CF2) subjected to creep
followed by fatigue to failure. The cracks grew across the specimen from the cut notch tip as indicated in the figure. The fatigue and creep portions of the
fracture surface show less fiber pullout than the overload sections (full specimen width is not shown). Digital image correlation was used to determine the
crack length associated with creep, fatigue, and overload.
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much larger than the apparent crack sizes in the optical images because changes in
light transmission only become visible once all the fibers have moved from their
initial positions, which occurs long after the fiber or interfiber failure. The details
of these methods are important to consider when comparing our results to previous
studies of crack growth in paper25–37.

A series of threshold levels were evaluated and the influence on crack growth
rate was determined: changes in the threshold level caused minor shifts in crack
size, but the influence on growth rates was small. Supplementary Fig. 2 shows the
effect of the selected axial thresholding strain on the normalized apparent crack
length (a/w) for two fatigue specimens at a particular cycle in the test. To best
represent crack growth, the selected thresholding strain should strain should be
above the tensile fracture strain, 0.035, and ideally above the strain plus the
standard deviation, 0.039. This criteria guarantees that the material had separated
in the selected strain of 0.05. The plot shows that between 0.04 and 0.06
thresholding strains, there is a linear (stable) relationship with respect to crack
length. Eventually the thresholding strain becomes so high that the apparent crack
length is the normalized length of the notch, 0.27. Furthermore, Supplementary
Table 2 shows the varying the thresholding strain between 0.04, 0.05, and 0.06
results in minimal change to the fatigue crack growth rates.

Crack length versus number of accumulated cycles (a vs. N) curves for all the
fatigue and creep tests shown in this paper (Figs. 6 and 7) were obtained using this
unique crack length measurement method. Supplementary Fig. 3 shows a
representative a vs. N plot of a specimen cyclically loaded with an alternating stress
range of 6.12MPa. Per ASTM standard E-647, the crack growth rate, da/dN, was
calculated from the slope of a linear regression of five consecutive data points
(highlighted in the figure), and the crack growth rate was attributed to the mid
(third) data point of the group. The analysis window was then advanced by one
data point, and the analysis was repeated.

Data availability
The data sets generated during and/or analyzed during this study are available for
download from the Georgia Institute of Technology SMARTech Repository at smartech.
gatech.edu (http://hdl.handle.net/1853/62477).
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