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High strain composites for coilable space structures can undergo micro-structural changes
in the time period between stowage and deployment. These changes include the accumulation
of residual stresses in response to curvature changes (stress-relaxation) and accumulation of
damage, which may lead to rupture of high strain composites. Currently, the mechanisms that
cause damage growth and failure are not well understood. In this study, new experimental
approaches are explored for applying constant curvature changes, that replicate the stowage
conditions while imaging the evaluation of cracks on the compression surface and of damage in
the micro-structure of the test sample. The test temperature is raised to accelerate the failure
process.

I. Nomenclature

ar = time-shift factor

E, = activation energy

G = shear modulus of composite

R = universal gas constant

To = reference temperature

T = actual temperature

t = real time

t" = reduced time

0. = critical compressive stress

¢o9 = initial fiber misalignment

vy = Yyield shear strain of composite
Kk, = imposed curvature

Kf = instantaneous failure curvature
K, = normalized curvature

I1. Introduction

High strain composites (HSC) are finding an increasing number of applications in deployable space structures for
their low areal density and high stiffness. These remarkable properties are due to the small thickness, on the order
of 17.5 um of the prepregs used for these composites. One of the most prominent areas of application of HSC is in
replacing traditionally metallic booms. A HSC thin shell can be tightly coiled around a cylindrical mandrel in order to
achieve a high packaging efficiency. As a result, HSC thin shells are considered a cost-effective means of deploying
booms for solar arrays, antennas, and other space structures.

A recent application of composite booms was in the deployment of the Roll-Out Solar Array (ROSA) in 2017 [1]]
on the International Space Station. A deployable spacecraft for the Space Solar Power Project (SSPP) is currently
under development at Caltech. This spacecraft is stowed in a coiled form and is deployed to acts as a stiff, lightweight
support for functional tiles that generate electricity from sunlight and transmit it as RF electromagnetic waves to
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Earth [2]]. A challenge in further extending the application of HSC to space applications is the lack of standardized
methods to characterize the damage and failure of these structures. This includes the lack of reliable testing methods for
time-dependent failure including viscoelastic and/or viscoplastic behavior, and eventual failure due to rupture.

These effects are especially crucial for HSC, which can be held stowed for a long period of time. In the stowed
configuration, flexural strain energy is stored in the structure. In the time period between stowage and deployment,
residual stresses accumulate in the structure due to stress-relaxation of the polymer matrix, which may influence the
performance of the structure once it is deployed. After a long stowage time, the deployment energy and achievable
shape precision of the deployed structure may be impacted [3]]. Time-dependent viscoelastic effects on deployment and
shape recovery of a composite structure are discussed in [4, 5].

Recent experiments have characterized viscoelastic effects in HSC at the constitutive level. The main challenges
in developing constitutive models are that; first due to compliance of HSC laminates it is difficult to apply a constant
curvature or uniform bending moments. Second, the need to reduce the time-scale of the tests while still capturing
the actual stowage time of a real structure. A notable experimental work in this area is the development of a Column
Bending Test method for Long-Term testing (CBT-LT) by Roccor [6} 7], which is a generalization of the earlier Column
Bending Test [8] for applying an almost uniform curvature to a test sample for quasi-static testing. In [6]] the CBT-LT
fixture was modified to allow removal from the loading frame, to be placed in an elevated temperature setting for
accelerated testing. The fixtures were periodically put back on the loading frame for in-situ force measurements. This
experimental setup addressed the issue of applying a constant curvature and also allowed for in-situ measurements of
the stress-relaxation, 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.

An earlier test method, the Diametric Compression Test (DCT) was also developed by Roccor, where the test samples
are manufactured in the form of cylindrical tubes and compressed using two diametrically opposed plates. Relaxation
and rupture were studied by holding the plates at a particular distance apart, with the cylindrical sample compressed.
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 [6], this test can measure strain energy, viscoelastic behavior and inelastic
creep of a tubular structure.

These important advances by Roccor in long term testing of HSC have not investigated the underlying mechanisms
that cause stress relaxation, damage, and eventual rupture of composite samples. Hence, the focus of the present study is
to push the limit of stress relaxation until failure and identify the mechanisms that lead to cracking or failure of ultra-thin
composites under an imposed curvature. In general, the failure of HSC is stochastic in nature due to manufacturing
imperfections and experimental procedure discrepancies. This work is aimed at eventually addressing these issues by
utilizing micro computed tomography (uCT) imaging, using a micro-CT X-ray scanner available in our lab. New test
designs which allow us to test several samples simultaneously while applying a constant curvature were considered for
this purpose. In the first design referred to as Coiled to Rupture (CTR) test, the sample is placed over a rigid cylinder
and is held in place by pressure. This test configuration allows the sample to be removed for imaging at regular time
intervals, between the time when the sample was first deformed and up to the point of rupture. In this experiment,
the time to failure of the samples is recorded for different stowage temperatures and applied curvatures. Because the
samples are completely unloaded for imaging, the micro-structural changes are hard to observe until the sample finally
ruptures. For this purpose, a second test design has been developed, which is referred to as Flattening to Rupture (FTR)
test. This is advantageous for allowing in-situ imaging of the samples while in a loaded configuration.

Micro-structural observations are the key to identifying the mechanisms causing time-dependent failure. X-ray micro
computed tomography (uCT) is ideal for this purpose as a non-destructive inspection technique where three-dimensional
features of the micro-structure can be observed. Research on the use of X-ray uCT as a quantitative tool has been
carried out [9]]. Since uCT is a non-destructive technique, it is a most suitable candidate for analyzing micro-structural
changes over time through time-lapse sequence of 3D volumes, also known as Temporal Computed Tomography [10].

The goal of this paper is to observe and quantify the time-dependent failure characteristics of ultra-thin ply fiber
composites by observing their micro-structural changes. Section [III| explains the theoretical concepts behind the
experimental setup. Section [[V]details the experimental procedure for the material relaxation phase and describes
the material of interest. Sections[V]and [VI present the results of the studies to evaluate the time to rupture and to
measure permanent deformation accumulation over time. Difficulties faced during micro-structural observations and an
alternative way to tackle these difficulties are explained in Section|[VII] Section [VIIIjoutlines work currently in progress
and concludes the paper.



I1I. Theoretical Concepts

A. Constitutive relation of HSC

Due to the thinness and high shear stiffness of HSC, laminates can be modelled under the assumptions of classical
lamination theory (CLT). The constitutive relation under CLT for non-viscoelastic shells expressed in Eq. (T). The ABD
stiffness matrix defines the constitutive relationship between the in-plane forces (N, Ny, Ny, ) and out-of plane moments

(M, My, M) with the mid-plane strains (52, e;), efc)y) and curvatures (Kx, Ky, Kxy)
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The generalization of the above constitutive relation to viscoelastic laminates [[1 1] using the Boltzmann superposition

integral is as follows,
1
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Under stowage conditions, the non-zero kinematic load «,(t) = koH(t) is assumed, where «g is the imposed curvature
and H(z) is the Heaviside function. All other mid-plane strains and curvatures are zero. For the symmetric layups

considered in this study, axial and bending deformations are decoupled and hence B;; = 0.

To impose this state of loading HSC coupons are bent over a rigid cylinder and kept in place by a normal pressure
applied by a Kapton membrane. To maintain consistency between all the coupons, identical weights W = 2 kg were
used to apply the same pressure. Fig. [T|shows a schematic view of the test setup. This test setup is referred to as Coiling
to Rupture (CTR) test. Since the coupons are kept in place only by the normal pressure P = P(6), it can be assumed that

no in-plane force resultants act on the coupons.

Rigid cylinder

Fig. 1 Schematic of the test setup.



B. Time-temperature superposition

Generally, the viscoelastic properties of polymers are known to have time and temperature dependency. The
time-dependent behavior tests are accelerated by combining time-temperature effects through a correction known as the
time-shift factor ar in the real time-scale ¢. The reduced time ¢’ is related to the real time by

T odr
o ar(T)
The class of materials having the same shift factor throughout all relaxation times are termed thermo-rheologically

simple. The time-shift factor can be obtained using Arrhenius law for the temperature range below the glass-transition
temperature of the polymer [12],
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where E, is the activation energy, R the universal gas constant, T the actual temperature and 7y the reference temperature
at which the material characterization tests are carried out.

Because the polymer constituent in composite materials is the main source of their time-dependent behavior, the
time-temperature principle can be applied for carrying out accelerated testing at raised temperatures.

In this study, experiments are conducted to quantify and understand the underlying mechanisms causing stress
relaxation and failure under long duration loads. In thin-ply composites, viscoelastic micro-damage can initiate in the
matrix and the region of damage can grow steadily. Under a flexural load, as the micro-damage grows, it can lead to the
formation of macroscopic cracks due to kinking in the compression region of the sample.

C. Preliminary observations

Observation of ruptured samples under an optical microscope and X-ray uCT imaging shows that the cracks appear
near the compression surface of samples under flexure Fig. 2] (a). These observations suggests that compression type
failure mechanisms such as micro-buckling of fibers lead to kinking. An approach to looking for evidence to support
this conjecture is presented in the present paper.

The most common failure mode of fiber composites under compression is micro-buckling of the fibers, forming a
kink band resisted by plastic deformation of the matrix [13}[14]]. Analysis of kinking in aligned-fiber composites was
first modeled by Rosen [[15] considering elastic buckling of an axially compressed, perfectly aligned fibers and later
extended by Argon [13]] and Budiansky [16]] considering effects of matrix yielding and fiber misalignment. The model
proposed by Budiansky [16]] for the critical compressive stress is expressed as,

G

1+ %
Yy

(6)

Tc =

Where G is the shear modulus of the composite, ¢ is the initial fiber misalignment and 7, is the yield shear strain of the
composite. The presence of a polymeric constituent in a fiber composite is the dominant factor for the time-dependent
behavior of the composite. Time-dependent effects in the fiber are order of magnitudes smaller than in the matrix [[17].
The modulus reduction over time and temperature, and hence the shear modulus of the composite, decays with time and
can be approximated by the Prony series,

G(t)=Gu+ G m (7

i=1

where G, is the long term modulus, G; are the Prony coefficients and 7; are the relaxation times. Each exponential term
corresponds to the variation of the relaxation modulus over a time period. The number of terms included in the Prony
series depends on the time scale of the problem of interest.

IV. Experimental Details

A. Manufacturing of Composite Samples
The HSC considered for the present study consisted of plain weave glass fiber (PWGF) and uni-directional carbon
fiber (UDCF) layers. The PWGF plies are 25 grams per square meter (gsm) glass fibers, with NTPT ThinPreg 402T



Fig. 2 (a) 3D view of X-Ray CT image of the ruptured sample, (b) XZ plane view of the compression surface
and (c) high resolution image of XY plane.

epoxy resin, while the UDCF plies are made of 30 gsm MR70 bers, with NTPT ThinPreg 402T epoxy resin. The
laminate consisted of a singlet5 PWGF ply, sandwiched between two, 3-ply prepreg tape 45[PWGF /0 UDCF/ 45
PWGF] supplied by North Thin Ply Technology. 7-ply laminates were prepared from the prepregs and cured in an
autoclave using vacuum bagging with a at aluminum plate on one side. This particular laminate is of interest because
it is used in the coilable longerons for the Space Solar Power Project (SSPP) at Caltech, discusedhis[7-ply
laminate corresponds to the web-section of the longerons for the SSPP structure.

The test coupons were cut from 180 mn80 mm at panels using a laser cutter. The coupons V#&rmmwide
and90 mmlong with 2 mmwide and2 mmdeep triangular notches along each side, as shown in Fig. 3. These notches
acts as a stress concentrator to trigger rupture at a known location.

Fig. 3 Schematic of HSC test coupon.

B. Micro-Computerized Tomography (UCT) imaging

A ZEISS Xradia 510 Versa 3D X-ray microscope (XRM) was used to prod@Eimages of the micro-structure of
the test samples. This system is capable of producing images at a wide range of magni cations, ranging frmm 0.7
true spatial resolution with a voxel size of 70 nm to mm scale resolution. This allows imaging of the samples across
di erent length scales. TheCT image of a composite sample shown in Figs. 2(a) and 2(b) has a voxel gipenaind
the eld of viewis4mm 4mm 4mm This image was obtained with4® kV voltage setting and an exposure time
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