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Abstract

Thin-laminate composites with thickness below 200 pm hold significant promise
for future, larger, and lighter deployable structures. This paper presents a study of
the time-dependent failure behavior of thin carbon-fiber laminates under bending,
focusing on establishing a fundamental material-level understanding of this type
of failure. A novel test method was developed, enabling in-situ micro-CT imaging
during long-term bending. Time-to-rupture experiments revealed the stochastic
nature of failure, prompting a statistical approach to account for initial imper-
fections. The total probability of failure was calculated using separate Weibull
functions for instantaneous and delayed time-dependent failures. The resulting
function, dependent on curvature and aging time, is a design guideline for the
design of future deployable space structures. Time-lapse micro-CT imaging iden-
tified kink bands and fiber-matrix debonding as primary failure mechanisms,
providing essential insights for the design optimization of composite laminates.

Keywords: Polymer-matrix composites, Statistical methods, Fractography, Creep,
Time-dependent failure, Long-term bending

1 Introduction

The future of space exploration relies on developing lightweight structures for larger
aperture. Cutting-edge technologies under development include solar sails for deep
space exploration (Daukantas, 2017), star shades for space science (Willems et al,



2022), and satellites for space-based solar power (Arya et al, 2016), communication,
and remote sensing.

Large-aperture spacecraft structures are subject to limitations imposed by the
launch vehicles, and hence, they are designed for packaging into a small volume. After
launch, they are deployed by the release of the stored elastic strain energy or other
deployment mechanisms.

When designing lightweight, self-deployable space structures, carbon fiber-
reinforced polymer composites offer unparalleled strength and stiffness-to-weight ratio,
high packaging efficiency, and the ability to deploy simply by releasing the stored
elastic strain energy. Recently, thin-laminate composites have emerged as a promising
choice for future space structures. These materials, with thicknesses under 200 pm, can
undergo large bending deformation without damage, which enables tight packaging.
Traditional, thick composites cannot match this performance, making thin-laminate
composites an ideal choice for various applications, including thin-shell hinges for
deployable solar arrays, antennas (Mobrem and Adams, 2009; Mallikarachchi and
Pellegrino, 2014), and coilable tubular booms with various cross-sectional shapes
(Rimrott, 1965; Murphey and Banik, 2011; Aguirre, 1985).

Deployable space structures undergo various loading conditions during their life-
time. During stowage for launch, bending is the primary load case, with large strains
applied for a long time. The curvature imposed during long-term stowage of a fiber
composite deployable structure has a significant impact on its deployment and its per-
formance once deployed (Li et al, 2016; Rose et al, 2019; Kwok and Pellegrino, 2011).
For instance, during the deployment of a foldable flattenable tube (FFT) antenna
on the Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS)
spacecraft deployment was stalled due to reduced deployment energy resulting from
prolonged stowage time (Adams and Mobrem, 2009).

The role of time-dependent viscoelastic effects on the deployment and shape recov-
ery of composite structures has been highlighted in recent studies (Brinkmeyer et al,
2016; Kwok and Pellegrino, 2017). Time-dependent deformation growth and rupture
during such stowage periods, due to the viscoelasticity of the polymer matrix, can
lead to damage that may significantly affect the ability of the structure to carry out
its intended function.

While the failure mechanisms causing time-independent failure of composites under
axial and bending loading (Fleck, 1997; Budiansky et al, 1998; Waas and Schultheisz,
1996) have been extensively studied in the past, the mechanisms that trigger the
failure of fiber composites under long-term bending, taking into account the interplay
of various constituents, loading conditions, and structural architecture, are not well
understood. Generally, the design of composite structures relies on the instantaneous
failure limits accompanied by conservative safety margins.

The failure mechanisms of composite laminates under bending are complex and
multifaceted. Since the compressive strength of the laminate is lower than the tensile
strength, traditional thick-ply composites are expected to fail on the compression side.

Extensive research has been conducted on the time-independent failure of fiber
composites due to microbuckling of the fibers under axial compression, forming kink
bands resisted by the plastic deformation of the matrix (Argon, 1972; Budiansky



and Fleck, 1994; Vogler et al, 2001). Kinking in aligned-fiber composites was first
modeled by Rosen (1965) and later extended by Argon (1972) and Budiansky (1983).
Rosen’s model is based on the elastic buckling of axially compressed, perfectly aligned
fibers. Predictions from this model, however, overestimate the critical stress for fiber
microbuckling. Budiansky’s model for the critical compressive stress takes into account
the effects of matrix yielding and initial fiber misalignment.

The failure mode of fiber composites under bending switches from the compres-
sion side to the tensile side for thin composite laminates of thickness below 200 pm
(Sanford et al, 2010; Murphey et al, 2015). Pappas et al (2021) studied this effect
experimentally using the platen test and proposed a modified criterion for the time-
independent bending strength of laminates by introducing the thickness effects into
Budiansky’s compressive strength model.

Studies of time-dependent failure of composites include the theoretical extension to
the microbuckling analysis of Budiansky and Fleck (1993), by incorporating standard
linear viscoelasticity and a logarithmic creep model by Slaughter and Fleck (1993)
and the theoretical and experimental study of the tensile creep-rupture strength and
lifetime of unidirectional carbon fiber/epoxy microcomposites by Phoenix et al (1988).

Recent experimental investigations of the time-dependent failure of composites
under long-term loading (Rose et al, 2019; Medina et al, 2018) have not addressed
the stochastic nature of failure in ultra~-thin composites due to manufacturing imper-
fections and failure mechanisms causing the failure. The present study bridges this
critical gap by employing X-ray micro-computed tomography (nCT) imaging, a non-
destructive technique that offers unparalleled insights into the microstructural volume
of samples, even under in-situ loaded configurations.

The time-dependent failure of fiber composites is triggered by the viscoelastic char-
acteristics of the polymer matrix, with the carbon fibers exhibiting orders of magnitude
slower time-dependent response compared to the matrix, as reported in previous stud-
ies (Sullivan, 1990). To fully understand this complex behavior, a novel experimental
setup, referred to as the Flattening to Rupture (FTR) test, is developed to measure
the time-dependent failure lifetime and to investigate the microstructural changes that
lead to rupture (Ubamanyu, 2023). In the FTR test, initially curved test samples
are flattened to impose a constant curvature change, providing a view of the damage
growth in the sample during the test. This approach offers the distinct advantage of
enabling in-situ X-ray micro-computed tomography imaging, allowing regular time-
interval scanning of the composite sample under load. Changes in the microstructure of
the sample are analyzed throughout the test, yielding insights into the time-dependent
failure mechanisms and the behavior of fiber composites at the microscale.

For samples that experience instantaneous failure under high curvature, the FTR
test setup is not ideal. In such cases, the Platen Test, previously described by Yee
and Pellegrino (2005), is used to investigate the instantaneous failure observed in thin
composite laminates.




2 Overview of polymer viscoelasticity

The polymers utilized in fiber-reinforced composites are generally categorized as ther-
mosets, which form cross-links between polymer chains, or thermoplastics, which are
fully polymerized and can be reshaped upon heating. The mechanical properties of
these polymers are influenced by factors such as loading rate, temperature, and time
(Brinson and Brinson, 2015). The viscoelastic nature of polymers stems from the com-
plex molecular mechanisms of long polymer chains. Phenomenological viscoelasticity
models are widely employed to characterize the mechanical and structural response of
polymers. The theory is well established (Brinson and Brinson, 2015; Fliigge, 2013).

2.1 Viscoelastic constitutive relations

The terms relaxation and creep are commonly used. Stress relaxation refers to the
stress variation under constant strain, while creep refers to the strain response under
constant stress. In relaxation, the stress due to an imposed constant strain, e,
decreases over time. The modulus calculated from these strain and stress responses is
defined as the relaxation modulus E(t),

B(t) = 2 )

During creep, the strain increases due to an applied constant stress, og, and the
creep compliance, D(t) is defined as,

p(t) = 2)

The relaxation modulus and the creep compliance are defined based on the response
of the material to constant inputs. However, when the input varies with time, the
Boltzmann superposition principle (or integral) is used. This principle treats the vari-
able input as a series of step inputs and superposes the responses, assuming they are
linearly independent, to obtain the final time-dependent response. The Boltzmann
superposition principle is a representation of the viscoelastic constitutive relations for
relaxation and creep, respectively, given by,

o(t) = /0 Bt -7 2T gr (3)

(t) = /0 (D(t—T)d%(:)dT (1)

These relationships can also be extended to three-dimensional stress and strain
fields. Due to the thinness and high shear stiffness of thin composite laminates, they
can be effectively modeled using the classical lamination theory (CLT) (Jones, 1991).
The constitutive relation for time-independent shells under CLT is expressed in Eq. 5.
The ABD stiffness matrix defines the constitutive relationship between the in-plane
forces (N, Ny, Ngy) and out-of-plane moments (M, My, M,,) with the mid-plane

0 0 .0

strains (€, €, €,,) and the mid-plane curvatures (ky, Ky, Kay);
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The generalization of this constitutive relation to viscoelastic laminates (Kwok and
Pellegrino, 2017) using the Boltzmann superposition integral is given by;

ded(r ra(T

Nl(t) = fot (Al](t—T) é_l(_ ) —|—Bij(t—7')7d 57(_ ))dT (6)
ded(r k(T
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Under stowage conditions, a laminate undergoes a non-zero uni-axial (z-axis) or
bi-axial (z and y axes) curvature. The imposed curvature x;(t) = rjoH (1), where kg
is the curvature Kz or Ky, and H(t) is the Heaviside function. All other mid-plane
strains and twist curvature s, are assumed to be zero. For the symmetric layups
considered in this study, B;; = 0; hence, the axial and bending deformations are
decoupled.

2.2 Time-temperature superposition

Conducting long-term tests on polymers that exhibit time-dependent behavior can
be challenging due to time constraints. A widely used technique for estimating the
long-term behavior of polymers using short-term test data is the time-temperature
superposition. Time-dependent behavior tests can be accelerated by combining time
and temperature effects through the time-shift factor ap in the real time-scale ¢. The
reduced time ¢’ is related to real time by,

;L todr
! ‘/o ar(T) (®)

Materials that exhibit the same shift factor throughout all relaxation times are
termed thermo-rheologically simple (Brinson and Brinson, 2015), and this is the class
of materials under study. As the polymer constituent in composite materials is the
primary source of their time-dependent behavior, the time-temperature superposition
principle can be applied to carry out accelerated testing at elevated temperatures.
By taking into account the time and temperature dependencies of polymer materials,
this technique provides a practical approach for predicting the behavior of structures
over their expected lifetime, even when long-term testing is not feasible. Note that,
in the present study, temperature was used only as a tool to accelerate the aging
process; thermal effects on composite laminates are out of the scope of this study. The
temperature for the accelerated aging test was chosen to be well below this temperature
to avoid drastic changes in the polymer’s elastic modulus and reduce the effects of
thermal expansion.




3 Time-dependent failure of laminates under
bending

A study of the time-dependent failure of composite deployable structures under
stowage conditions needs to replicate the deformation imposed on the structure itself.
However, studying a whole structure undergoing complex loading conditions is com-
plicated, and observing the failure mechanisms at the structural scale is impractical.
Hence, it was decided to study the failure at the coupon level, under an imposed
curvature for extended time periods.

Flexural strain energy is stored during the folding of a structure. In the time
period between stowage and deployment, the residual stresses in the structure vary
due to stress-relaxation of the polymer matrix, which may influence the deployment
performance of the structure. After a long stowage time, the deployment energy and
the shape recovery of the deployed structure may be impacted (Kwok and Pelle-
grino, 2011). Time-dependent viscoelastic effects on deployment and shape recovery
are discussed in Brinkmeyer et al (2016); Kwok and Pellegrino (2017).

Recent experiments have characterized viscoelastic effects at the constitutive level.
The first challenge to the development of constitutive models is that, due to the
compliance of composite laminates, it is challenging to apply a constant curvature or
uniform bending moment. Second, one needs to reduce the time scale of the tests while
still capturing the actual stowage time of a real structure.

A notable experimental work is the Column Bending Test method for Long-Term
testing (CBT-LT) by Roccor (Rose et al, 2019; Medina et al, 2018), which is a gen-
eralization of the earlier Column Bending Test (Fernandez and Murphey, 2018) for
applying an almost uniform curvature to a test sample for quasi-static testing. In Rose
et al (2019), the CBT-LT fixture was modified to allow removal from the loading frame,
for the sample to be held at an elevated temperature for accelerated testing. The
fixtures were periodically re-attached to the loading frame for in-situ force measure-
ments. This experimental setup addressed the issue of applying a constant curvature
and allowed for in-situ stress relaxation measurements until rupture. With the in-
situ measurements, a Prony series curve fit was used to represent the time-dependent
constitutive relation of the test samples.

In an earlier test method, the Diametric Compression Test (DCT), the test samples
were manufactured as cylindrical tubes that were compressed using two diametrically
opposed plates. Relaxation and rupture were studied by holding the plates at a partic-
ular distance, with the cylindrical sample compressed between the plates. Similar to
the CBT-LT, the plates were removed from the load frame during the test and later
placed on the load frame to measure the relaxed stiffness. According to Rose et al
(2019), this test can measure strain energy, viscoelastic behavior, and inelastic creep
of a tubular structure.

During the present study, initial attempts were made to coil a flat laminate around
a cylinder with known diameter by wrapping a Kapton membrane around the laminate
(Ubamanyu et al, 2020). However, postmortem X-ray pCT imaging showed poor crack
detectability because crack closure occurred during unloading. Several approaches to
increase the detectability of damage were investigated, and finally, it was decided to



image the test coupons under load. However, using additional fixtures to keep the
coupons curved would interact with the path of the X-rays, adversely affecting the
image quality and increasing the scan time depending on the thickness of the fixtures.

Better crack detectability through in-situ imaging and compact fixtures to impose
curvature demanded a novel experimental setup. Hence, it was decided to manufacture
initially curved samples and to impose the curvature changes by flattening the sam-
ples. This experimental setup has been called the Flattening to Rupture (FTR) test.
It requires the samples to be kept in a flattened configuration during relaxation at ele-
vated temperatures. The fixture used to keep the sample flattened during X-ray pCT
imaging is relatively small, hence allowing X-ray imaging in a loaded configuration
with minimal interference.

3.1 Sample preparation for FTR test

The manufacturing of fiber-reinforced polymer composites demands an understanding
of materials, process engineering, and structural analysis because the defects that occur
during manufacturing influence the behavior of the composite structures. Autoclave
processing is widely used to manufacture aerospace-grade composites with high fiber
volume and minimal void content (Daniel et al, 2006; Marsh, 2002).

The samples used for the present study were manufactured using prepreg tapes
from Patz Materials & Technology, made of IM7-12K carbon fiber impregnated with
PMT-F7G thermoset epoxy resin, with an areal density of 145 grams per square meter
(gsm). All samples used for the experiments presented in this paper were unidirectional
1-ply laminates.

For flat laminate samples, a stainless steel precision plate was used as a caul plate
on the bottom with a 5 mil (125 pm) thick Kapton polyimide film coated with a PTFE
release spray (Sprayon MRS311). The prepreg was placed on top of the polyimide film.
A 5 mil (125 pm) thick Kapton polyimide film coated with PTFE release spray with
the exact dimensions of the prepreg was placed on top. Then, a release film and two
layers of breather were placed and sealed with a plastic vacuum bagging using sealant
tape, as shown in Fig. 1. The PTFE-coated polyimide film was used on both sides of
the prepreg to improve the surface quality of the samples, maintain uniform pressure
distribution, and provide a symmetrical layup stack.

<«— Vacuum bag
~— Breather
~— Kapton film (5 mil)

Prepreg

~— Kapton film (5 mil)
i <— Caul plate/tool

Fig. 1: Layup assembly for the modified autoclave manufacturing.

For FTR test samples, a 1-ply unidirectional laminate with a central curved region
was manufactured using an aluminum mold with a narrow curved region in the middle
and two tangent flat regions on either side, as shown in Fig. 2a. The arc length of the
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Fig. 2: (a) Aluminum mold to manufacture curved samples, (b) Cured curved sample,
(c) 3D printed rig to cut the cured sample to the required size, (d) FTR test sample

curved region was 5 mm, the radius of the curved region was defined as 7,4, and
the flat regions were 60 mm long.

The samples were cured in the form of long strips (see Fig. 2b) that were then cut
using a blade into small coupons using the 3D-printed rig shown in Fig. 2c. The edges
of the cut samples were polished using sandpaper of grits 240, 400, 800, and 1200 to
remove any damage that occurred during the cutting process. The coupons were 15
mm wide and 45 mm long, with a 5 mm long curved region and 20 mm long flat regions
on both sides (see Fig. 2d). The narrow curved region is the test area where the cracks
are to form, and its narrow size helps to locate the field of view for time-lapse uCT
imaging. The flat region was glued to acrylic plates on both ends. This design of the
test coupon allows the curved region to remain free of any contacts during flattening
and avoids bending of the flat regions.

3.2 FTR test

Flattening of a curved sample was achieved by sandwiching it between an aluminum
plate and a 0.25” thick acrylic plate and clamping the assembly at the edges, as shown
in Fig. 3a. Teflon sheets were placed between the sample and the clamp plates to
reduce friction in order to minimize any axial forces on the sample. The compactness of
these test coupons allows simultaneous testing of multiple samples. Another important
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Fig. 3: (a) Flattening scheme for time to rupture experiments described in section 4,
(b) Flattening scheme used for time-lapse nCT imaging experiments described in
section 6.

benefit of this approach is the possibility of observing the compression surface during
relaxation and precisely recording the time for the first crack to appear.

A variation of this clamping setup, shown in Fig. 3b, was used for the in-situ
pCT imaging experiments explained in section 6. Here, one end was rotated and then
clamped using two pins. Hence, the loading is closer to a pure moment, and again,
there is no axial loading. In addition, this frame-like fixture reduces the interference
during X-ray pCT imaging.

The curved region of the coupons was imaged using a Nikon ShuttlePixz optical
microscope, before and after flattening. The coupons were not completely flat and had
a residual curvature after flattening, as shown in Fig. 4b. The initial and residual radii
of curvature were calculated from the images using a circle fit method in MATLAB
(Pratt, 1987). For each coupon, both sides were imaged, and the average of the edge
radii of curvature was calculated. The imposed curvature, Kimposed, Was calculated as
the difference between the inverse of the mean initial and residual radii of curvature.



Fig. 4: Image processing using MATLAB to fit a circle to (a) the initial configuration
and (b) the flattened configuration.

Fig. 4 shows an example image of the initial and flattened configurations with the
radius of curvature measurements using the best-fit circle.

3.3 Validation of test method using DIC measurements

Measurements were taken before and after flattening the sample, using digital image
correlation (DIC) to validate the curvature measurements using the best-fit circle
method. The FTR test was assumed to maintain a uniform curvature and a surface
strain that remained constant over time, causing accelerated aging until rupture. The
flattened sample was placed inside a thermal chamber (Instron Heatwave Model 3119-
506), and DIC measurements were taken through a glass window throughout the
accelerated aging process. The surface strain and curvature measurements throughout
the aging process are shown in Fig. 5. Both surface strain and curvature are constant,
and the curvature change measured from DIC closely matches the estimated curvature
change from the best-fit circle method.

Once confidence in the process of the FTR test setup had been established, two test
campaigns were carried out. The first, to gather data on the time taken for the rupture
to occur at different imposed curvatures, referred to as time-to-rupture experiments.
The second, to identify the failure mechanisms causing the time-dependent failure
using X-ray pCT images, referred to as time-lapse pCT imaging experiments.

4 Experiments to measure time-to-rupture and
instantaneous failure

Time-to-rupture experiments were conducted using the FTR test setup until the sam-
ples failed by forming cracks on the compression surface, to measure the time to
rupture under different curvatures. The coupons for the time-to-rupture experiments
were prepared as explained in section 3, flattened between an aluminum plate and a
6.35 mm thick acrylic plate, and clamped at both ends, as shown in Fig. 3a. Teflon
sheets were placed on the flat region of the samples to reduce the friction with the
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Fig. 5: Surface strain and imposed curvature throughout the accelerated aging process
from the DIC measurements.

plates such that no axial loading could be applied to the samples. The coupons were
manufactured using four different aluminum molds with nominal radii of the curved
region Tporminal = 4.0, 4.25, 4.5, and 5.0 mm. The use of acrylic plates made the com-

pression surface visible during aging; hence, the exact time and location of the damage
onset could be measured. These flattened coupons were held inside the thermal cham-
ber at 70 °C and monitored with a camera placed outside the chamber, as shown in
Fig. 6.

In order to increase the detectability of surface cracks, the surface of the sam-
ples was coated with a thin layer of silver paint applied with a Sharpie marker, and
additional lighting was used. During a single testing period, 12 samples were tested
simultaneously. Rupture was defined as the appearance of a macroscopic crack visible
to the naked eye and longer than 2 mm. If a second rupture occurred at a later time,
at a different location from the first crack, the time of the second rupture was also
included in the time to rupture data. If the second crack was an extension or growth
of the first crack, then that time event was not included in the data set. The test was
carried out until all the samples had failed or a maximum of seven days of accelerated
aging at 70 °C had lapsed.

The imposed curvature change was calculated with the fitted circle method,
explained in section 3, Fig. 4. The duration of the tests was measured from the
time the samples reached the prescribed temperature to the onset of independent
rupture events. The local temperature near the coupons was measured using two
thermocouples.

120 samples were tested, of which 20 failed prematurely, and 16 survived beyond
7 days. Test coupons that did not show any damage after 7 days are reported as *
ZNot ruptured”. The samples that failed while flattening and those that failed within
the first minute were omitted from the time-dependent failure data. The reasons for
premature failure include thermal gradients while heating a sample or uncertainty due
to manufacturing defects in the sample. Basically, the failure curvature of samples
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Fig. 6: Time to rupture experiments using flattening to rupture test setup.

that fail during flattening is unknown in the FTR test. Hence, instantaneous failure
curvatures had to be measured differently, as explained in the next section.

4.1 Platen tests to measure the instantaneous failure curvature

1-ply unidirectional flat samples with a thickness of 125 + 4 pum, and a width of
20 + 0.22 mm were tested using custom-made platen fixtures on an Instron 5569
mechanical testing machine equipped with a 500 N load cell as shown in Fig. 7. The
platen test uses two parallel rigid platens. The sample is mounted between the two
platens and buckled under compression, forming a curved, deformed shape with a non-
uniform curvature. The lower platen was held fixed, and the upper platen was moved
down at a rate of 10 mm/s. The fibers are oriented along the longitudinal direction
of the samples.

The full-field displacements, strains, and curvatures were directly measured on the
tensile surface of the test samples using DIC.

Failure of a sample is identified from a drop in the force measurement, and the
corresponding curvature is defined as the instantaneous failure curvature. Typical force
vs. curvature plots are shown in Fig. 8. Failure was triggered by tensile fiber failure,
as previously observed (Schlothauer, 2021; Murphey et al, 2015; Sanford et al, 2010).

A total of 9 samples were tested, and the mean failure curvature was
0.385 + 0.016 mm~!.

4.2 Test results

Fig. 9 is a plot of the time for the onset of rupture of the 120 FTR test samples and
the 9 platen test samples. The failure of the samples tested using the FTR test was

12
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Fig. 7: Experimental setup of the platen test with digital image correlation measure-
ment system.
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Fig. 8: Force resultant vs. curvature response from platen tests for 1-ply unidirectional
IM7/PMT-F7G laminates.

either instantaneous or time-dependent. The FTR samples that failed within the first
minute were discarded due to the uncertainties associated with the measurements,
resulting in a region with no data between instantaneous and time-dependent failure.
Of the remaining FTR samples, some showed a delayed time-dependent failure and
some did not fail at the end of the 7-day test period, as seen in Fig. 9. Samples that
did not fail after the 7-day testing were categorized as not ruptured. Note the data in
Fig. 9 is scattered over several orders of magnitude. Hence, a stochastic approach is
appropriate to analyze time-dependent failure.
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Fig. 9: Time corresponding to the onset of rupture against imposed curvature. The
instantaneous failure curvatures are measured from the platen test.

5 Survival analysis

The failure behavior of fiber-reinforced composite materials is stochastic in nature,
due to randomly distributed manufacturing defects such as fiber misalignment, voids
and thickness variations, and localized variation in strength caused by the fiber het-
erogeneity (Phoenix et al, 1988). Hence, a stochastic approach is necessary to analyze
the time to rupture data. A survival analysis based on a Weibull distribution of sur-
vivability is discussed in section 5.1. Survival analysis is a statistical technique used
to analyze time-to-event data, where the event of interest is the occurrence of a spe-
cific outcome or event. Survival analysis can be used to study the failure of composites
under long-term loadings using probabilistic models. The survival analysis results can
be used to make predictions, identify risk factors, and inform decision-making.

Two types of failure events were observed in section 4. First, the sample fails
instantaneously at time ¢ = 0 under a given imposed curvature. Second, the sample
survives at ¢ = 0 but fails at a later time, ¢. This section analyzes the data collected
from the time-to-rupture tests using the FTR setup in section 4.

Survival analysis proves valuable when conventional statistical methods like regres-
sion analysis are unsuitable due to data censoring, which describes event times that
are imprecise, but still provide partial information. In this study, samples not ruptured
at the end of the 7-day test are right-censored (Kleinbaum and Klein, 1996), truncat-
ing survival times on the right. Survival analysis accommodates censoring, estimating
event probabilities using all available information, including censored data.

Survival analysis often employs the survival function, S(¢), where ¢ is any specific
value of interest (in this case, time) of the random variable, T

14



=] =1 =
ES = ]
;
n

Probability of failure

=
o

010“ 10! 10° 10 10! 10°
Time [s]

Fig. 10: Example probability of survival estimated using Kaplan-Meier estimator for
the FTR test samples with imposed curvature, Kimposed < 0.23 mm~ .

The survival function S(¢) is a non-increasing, bounded (S(t =0) = 1, and S(t —
o0) = 0) function that gives the probability of the sample surviving beyond ¢:

Sty =P(T>t); T>0 (9)

The probability of failure or the cumulative density function, F(t), complements
the survival function. F'(t) = P(T <t) =1 - S(t). The cumulative density function is
simply the integral of the probability density function, f():

F(t) = /O F(u)du (10)

Determination of the survival function needs information about the probability
of the survived samples at time ¢. A common method used to estimate S(t) is the
Kaplan-Meier Estimator, which is a non-parametric estimator defined as,

sty =] {1 - ﬂ] (11)

.
ti<t g

where n; represents the number of samples at risk at time ¢;, which includes all the
samples that have not failed and those that have not been censored by time ¢;, and
m; represents the number of events (number of samples cracked) at time ¢;.

An example of the Kaplan-Meier estimator for the probability of survival of the
FTR samples with imposed curvature Kimposea < 0.23 mm™! is shown in Fig. 10. In
general, the estimated survival functions are step functions, as illustrated in Fig. 10,
rather than smooth curves. The step size depends on both the number of events
observed at time t; and the censored observations prior to time ¢;.
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5.1 Probability of failure using Weibull distribution

A commonly used survival analysis method for fiber composites is based on the Weibull
model. The Weibull model assumes that the failure of the composite follows a specific
distribution, and the distribution parameters can be estimated from the time-to-failure
data and the probability estimates from the Kaplan-Meier estimator. The Weibull
model can be used to estimate the probability of failure at a specific time or to predict
the probability of failure over a certain period of time (Weibull, 1939). The generalized
Weibull model for the probability of failure is given by,

Pi(z) = F(z) = 1 — exp {—jor (12)

where g and m are scale and shape parameters, respectively.

From the combined instantaneous failure data and time-dependent failure data
in Fig. 9, it is clear that the failure depends on both the imposed curvature and
the time of accelerated aging of the samples. When a curvature k; is imposed to a
sample, the sample may fail instantaneously. If the sample survives, it will fail due to
relaxation/creep over time. Therefore, two events can be considered. The first event
is that for a given k;, the sample fails at £ = 0. The second event is that the sample
fails at a time later than ¢, given that it survived at ¢ = 0. The probability of the first
event only depends on the imposed curvature. Hence, the Weibull model was fitted to
the probability of failure as a function of curvature for the instantaneous failure events
measured using the Platen Test. The probability of instantaneous failure is defined as,

Py(k) =1 —exp [—Iﬂ " (13)

and the linearized form used for the linear regression is,
In[—In[1—Ps(k)]] =mlnk —mlnkg (14)

Fig. 11 shows a plot of this function for the scale and shape parameters ko = 0.39
mm 'mm—t and m = 26.51. The corresponding probability of instantaneous failure
is shown in Fig. 12, where the dashed lines correspond to the 95% confidence limits.

The probability of occurrence of the second event depends on the imposed curva-
ture and measured time of rupture. Instead of considering a multivariable probability
function, the probability of occurrence of the second event was calculated at discrete
k; values (i.e., P(k < k;, T < t), and hence the Weibull function was expressed as a
function of time only. The Weibull parameters for Py (x,t) of all the samples that had
survived at ¢ = 0 on imposed curvature Kimposed < £ were computed by fitting the
function:

t n
Py (k;, t|Sample survived at t = 0) =1 — exp {—t—} (15)
0

to the experimental data. As shown in Fig. 13a, linear regression shows bi-modal
behavior as two different slopes exist for short and long time scales. Hence, two sets
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—h, = 0.39, m=26.51

_3 1 1 1 1 ]
0.36 0.37 0.38 0.39 0.4 0.41

£ [1/mm]
Fig. 11: Linear regression model to find the Weibull scale parameter ko and shape
parameter m.

Probability of failure

0 4 . . — J_‘ 1 | |
0.1 015 02 025 03 035 04 045 0.5
K [1/mm]
Fig. 12: The probability of instantaneous failure modeled using Weibull functions
with 95% confidence intervals are shown with dashed lines.

of scale and shape parameters for short-term and long-term failures were fitted. By
combining both curves, the probability of failure was calculated at time ¢ for the
samples that survived at ¢t = 0, with the imposed curvature Kimposed < ki as shown
in Fig. 13b.

Similar Py(k;,t) curves were calculated for different x; values at increments of 0.01
mm~'. Since instantaneous failure and time-dependent failure are disjoint events, the
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Fig. 13: (a) Linear regression model to find the Weibull scale parameter ¢, and
shape parameter n and (b) probability of failure of the samples that survived at
t = 0, as a function time, corresponds to the samples with imposed curvature

Rimposed < 0.23 mmil.

total probability of failure can be obtained by adding their probabilities. Fig. 14 shows
the resulting curves for different x; values.

To visualize the failure probability as a function of both imposed curvature and
time to rupture, a surface plot was created by interpolation and is shown in Fig. 15.

Note that the non-zero failure probability at the lower time for high curvatures is
due to the instantaneous failure of the samples. For higher curvatures, the samples
tend to fail instantaneously; this effect is seen in Fig. 15 as the failure probability
reaches 1 along the vertical axis. The failure probability reaches 1 as the accelerated
aging time increases. However, for low curvatures, the failure probability stays well
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below 1, even for longer times, which in this case corresponds to samples surviving at
the end of the test period of 7 days.
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Fig. 15: Weibull fit for the probability of failure denoted by the color bar of the
contour plot, as a function of imposed curvature and time to rupture.
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6 Study of failure mechanisms at microscale

The second test campaign used time-lapse pnCT imaging to identify the time-dependent
failure mechanisms. A time-lapse sequence of the 3D microstructure of the flattened
region of the coupons was obtained by combining the FTR test setup with pCT imag-
ing. X-ray micro-computed tomography (nCT) imaging is a non-destructive imaging
technique at the micrometer-level resolution (Garcea et al, 2018; Maire and Withers,
2014).

The accelerated aging process was interrupted for imaging, but the loading (flatten-
ing of the sample) was uninterrupted. pCT imaging, lasting 6 - 8 hours, and one-hour
accelerated aging at 70 °C were alternated. This process was repeated until the occur-
rence of the rupture (i.e., the appearance of the first macroscopic crack on the surface
of the sample). The underlying assumption of this approach is that microstructural
changes are insignificant during the imaging period at room temperature compared to
the periods at elevated temperatures. Therefore, it can be assumed that the imaging
time does not count towards the total time during which the sample has been kept flat.

The coupons for time-lapse pCT imaging were prepared as explained in section 3.
The FTR coupons used for in-situ pCT imaging were flattened using the aluminum
frame shown in Fig. 3b. First, one end of the sample was clamped to the frame,
and then the other end was rotated and clamped using two pins. Hence, the loading
condition is close to pure bending, with negligible axial loading. In addition, this frame-
like fixture reduces the interference during X-ray pCT imaging because the frame is
not in the path of the X-rays at most times. Silver epoxy markers were placed on the
tensile surface of the coupon to aid alignment between imaging segments during aging.
These markers are highly visible in the X-ray projections because the density of silver
is much higher than the composite. The stochastic nature of the location and time
of crack formation observed in Section 4 makes the imaging challenging, as explained
next.

First, because there is no preferential location for crack formation, imaging the
entire width of the flattened region (15 mm) of the coupon was required. This neces-
sitates stitching of image segments to achieve sufficient resolution while maintaining
the necessary field of view. Second, the scatter rupture times spanning several orders
of magnitude for the same imposed curvature imply that rupture of a sample that is
being imaged may occur after the first accelerated aging phase, or the sample could
survive after several test-imaging cycles. In the first case, a new time-lapse experi-
ment must be started, and the initial scan has to be discarded. The latter case would
require many time-lapse steps until damage occurs, thus requiring significantly longer
test times. Therefore, low-resolution, large field-of-view scans were done first, which
were followed by high-resolution imaging if any region of interest showed a significant
change in the microstructure. Despite all the challenges, more than ten attempts were
required to successfully image three consistent time-dependent rupture events in the
uni-directional composite laminate.

The X-ray pCT imaging parameters for the time-lapse pCT experiments are sum-
marized in Table 1. The TXM Reconstructor software was used to reconstruct the
3D volumetric images from the X-ray projections and imported into the Avizo 2021.2
software for further analysis.
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Table 1: X-ray pCT imaging parameters for time-lapse pCT exper-

iments.
Low-resolution | Medium-resolution | High-resolution
Voltage kV] | 80 80 80
Power Wl |7 7 7
Objective 0.4x 4x 20x
Voxel size [pm3] | 10 x 10 x 10 | 4 x 4 x 4 1x1x1
Binning 2 2 2
Exposure time[s] | 0.5 3 20
No of projection 1600 2400 3000

Fig. 16: Coordinate system definition for FTR coupon.

The coordinate system was defined as shown in Fig. 16. The Z-axis is defined along
the width of the sample, and the XY-planes are orthogonal to the width of the sample.
Thus, the fibers are parallel to the XY plane.

Figure 17 shows the time-dependent damage evolution of a coupon. The rough
patches in the center of the scan region are the silver datum markers used for image
registration. The initial pristine microstructure and the localized damage that occurred
after 4 hours can be seen in Fig. 17a and 17b. These are large field-of-view, low-
resolution scans. Fig. 17¢ shows the high-resolution cross sections.

Fiber microbuckling accompanied by the formation of kink-bands and fiber-matrix
debonding are observed near the compression surface prior to the appearance of
the macroscopic crack. This behavior was consistently observed in all three experi-
ments, and it was hypothesized that the sequence of failure events starts with fiber
microbuckling due to a decrease in the shear modulus of the composite as a result of
viscoelasticity. Eventually, the microbuckling instability grows into a kink-band and
fiber-matrix debonding, resulting in a macroscopic crack. However, it is impossible
to verify this hypothesis with the current experimental approach and, hence, numer-
ical simulations were employed to verify this proposed sequence of rupture events
(Ubamanyu and Pellegrino, 2022; Ubamanyu, 2023).

The observed failure mechanisms, shown in Fig. 17, are for a unidirectional lam-
inate. The study was extended to other types of laminates with similar thicknesses.
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Fig. 17: Snapshots of the flattened region of unidirectional laminate coupons showing
(a) initial microstructure, (b) microstructure after 4 hours of aging at 70 °C, and (c)
high-resolution images showing cross-section in localized damage region.

First, a cross-ply 0/90/0 laminate made from prepregs of IM7 carbon fiber / PMT-
F7G epoxy resin with an areal density of 45 gsm was tested using the same time-lapse
pCT imaging method. Fig. 18 shows the cross sections of the fracture surface obtained
from X-ray pCT imaging. Fig. 18b shows the A-A cross-sections of the sample in pris-
tine conditions and after 0.5 hours of aging. A localized rupture can be observed in
this cross-section. A high-resolution image of the same section is shown in Fig. 18d,
where the kink-band and fiber-matrix interface debonding are clearly visible.

The accelerated testing of the sample was continued, and after 1 hour of total
accelerated aging, another rupture was observed. This second rupture event had not
yet occurred at 0.5 hours, and it is independent of the first observed rupture. In
addition to the previously observed mechanisms, a buckle delamination of the ply was
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observed after 1 hour of accelerated aging at 70°C, as shown in Fig. 18c. In multi-
directional laminates, a buckle delamination generally occurs at the interface of plies
in different directions.

R e i

it o S 3 s 3 e

Z YZ slice at t = 1.0 hour

Section A-A

Fiber-matrix '
debondin

initial t=0.5 hr initial t=0.5 hr t =1.0 hr

(b) ()

Fig. 18: Snapshots of flattened region of cross-ply (0/90/0) coupons showing (a)
XY cross-section after 1 hour of aging, (b) YZ cross-section of A-A section in initial
condition and after 0.5 hours of aging, (c) YZ cross-section of at B-B section in initial
condition, after 0.5 hours, and 1 hour of aging, and (d) high-resolution image of A-A
section after 0.5 hours of aging.

In addition, 7-ply laminates consisting of 25 gsm plain weave glass fiber (PWGF)
and 30 gsm uni-directional MR70 carbon fiber (UDCF) layers with NTPT ThinPreg
402T epoxy resin were manufactured and tested under time-lapse pCT imaging as
well. These laminates consisted of a single £45 PWGF ply sandwiched between two
3-ply prepreg tapes of [+45 PWGF /0 UDCF/4+45 PWGF] supplied by North Thin
Ply Technology. The UDCF ply was parallel to the X-direction shown in Fig. 16. This
particular laminate is of interest because of its use in the coilable longerons for the
Space Solar Power Project (SSPP) at Caltech (Leclerc and Pellegrino, 2019). This 7-
ply laminate corresponds to the webs of the longerons for the SSPP structures. More
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details about these structures and the required laminates are discussed in Gdoutos
et al (2022). Figure 19 shows the failure surfaces and the observed failure mechanisms.

These laminate failures were initiated in the unidirectional carbon fiber ply on the
compression side, see Fig. 19b. A second rupture event was observed upon further
aging of this sample. An independent kink band formed and propagated as an inter-ply
delamination, see Fig. 19c.

The above experimentally observed time-dependent failure mechanisms consis-
tently show that the failure occurs in the uni-directional ply on the compression
side of the laminate and that the time-dependent failure mechanisms include fiber
microbuckling associated with kink bands and debonding at the fiber-matrix interface.

Kink band Fiber-matrix debonding

(b)

Inter-ply delamination Fiber-matrix debonding

(c)

Fig. 19: Snapshots of flattened region of the coupons from the time-lapse pCT imaging
experiments of the 7-ply laminate showing the same cross-section of (a) the pristine
sample, (b) after 2 hours of accelerated aging, and (c) after 3 hours of total accelerated

aging.

7 Conclusions

The overall goal of this paper was to provide an in-depth understanding of the failure
of thin-ply composites subjected to long-term bending associated with tight stowage
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of deployable thin-shell structures. First, to better understand time-dependent fail-
ure mechanisms in fiber composites, a novel experiment was designed and executed
to load the composite coupons under long-term bending. The Flattening to Rupture
(FTR) test method was developed based on the concept of imposing a curvature by
flattening initially curved coupons. The FTR method enabled continuous monitoring
of the compression surface where rupture initiates, and due to its compact design, it
enabled in-situ micro-CT imaging and simultaneous testing of multiple samples.

Two test campaigns were carried out using the FTR test method. The first was
the time-to-rupture experiment, which measured the time taken for rupture to occur
at various curvatures. This first experimental campaign revealed the stochastic nature
of time-dependent rupture, with the time to rupture spanning orders of magnitude
for the same imposed curvature. A statistical approach was proposed to account for
the stochastic nature of the failure of thin-composite laminates. In such stochastic
methods, the statistical variations and uncertainties in material properties, loading
conditions, and failure behavior of fiber composites were taken into account. The fail-
ure of a fiber composite under bending could occur instantaneously at time ¢ = 0 or at
a later time if the sample survived initially. These two events were considered mutually
exclusive (disjoint events). Separate Weibull functions were fitted to these two events,
and the total probability of failure was calculated by adding their probabilities.

The resulting probability of failure, a function of imposed curvature and aging
time, can be used as a design guideline for determining safe storage conditions for
deployable space structures. Additionally, it can be employed to compare different
architectures and material constituents to make efficient design choices.

The second campaign used time-lapse micro-CT imaging experiments to identify
the failure mechanisms that cause time-dependent failure using X-ray pCT images.
Kink bands due to fiber misalignment and fiber-matrix interface debonding were found
to be the primary failure mechanisms. Notably, the instantaneous failure of unidirec-
tional thin-laminates is initiated at the tension side, while time-dependent failure is
always initiated at the compression side. The study was then extended to other types
of laminates with similar thicknesses. The same time-lapse nCT imaging method was
used to test a cross-ply 0/90/0 laminate with the IM7 carbon fiber / PMT-F7G epoxy
resin composite and a 7-ply laminate consisting of plain weave glass fiber (PWGF)
and unidirectional MR70 carbon fiber (UDCF) layers with a single 45 PWGF ply,
sandwiched between two, 3-ply prepreg tapes of [+45 PWGF /0 UDCF/ +45 PWGE].
In both laminates, failure was initiated in the unidirectional carbon fiber ply on
the compression side, with evidence of fiber microbuckling and fiber-matrix interface
debonding mechanisms.
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